Modelling of the crystallisation process of highly concentrated ammonium nitrate emulsions by Simpson, Brenton
MODELLING OF THE CRYSTALLISATION PROCESS OF HIGHLY 
CONCENTRATED AMMONIUM NITRATE EMULSIONS 
 
 
 
BY 
 
 
 
BRENTON SIMPSON 
STUDENT NUMBER: 20220898 
 
 
 
 
A dissertation submitted to the Faculty of Science, Nelson Mandela Metropolitan 
University, in fulfilment of the requirements for the degree of 
 
 
MAGISTER SCIENTIAE 
(CHEMISTRY) 
 
 
December 2011 
 
 
 
 
 
Supervisor: Prof. E. E. Ferg 
Co-Supervisor: Prof I. Masalova 
 i
ABSTRACT 
 
Highly concentrated ammonium nitrate emulsions are extensively used as an 
explosive in the mining industry. The emulsion is made from a supercooled aqueous 
salt solution with various stabilisers and an organic hydrocarbon phase under 
vigorous stirring to room temperature. The resulting emulsion is thermodynamically 
unstable and tends to crystallise over time. This is not suitable for the transportation 
or pumping of the emulsion in its application. This study showed that the 
crystallisation process of highly concentrated ammonium nitrate emulsions can be 
influenced by varying the emulsion droplet size as well as the types and ratios of 
surfactants used during the preparation stage. The results showed that there were 
significant differences in the rheological properties of the freshly-prepared emulsion, 
based on both the emulsion droplet size, and the type of surfactant and ratio of 
surfactants used. A decrease of the emulsion droplet size resulted in the increase of 
the elastic character, which can be explained by more compact network organisation 
of droplets. In terms of the different surfactants, it was shown that the Pibsa-Imide 
stabilised emulsions resulted in an emulsion with the highest storage modulus over 
the entire strain amplitude regions as well as the highest shear stresses over the 
whole shear rate region.  
 
The study showed that the relatively slow emulsion crystallisation process can be 
studied by using powder X-ray diffraction (PXRD). The amount of amorphous and 
crystalline phases present in the sample can be effectively quantified by using the 
Partial Or No Known Crystal Structural (PONKCS) method which can model 
accurately the contributions of the amorphous halo. An external standard calibration 
method, which used a different amorphous material with the crystalline material to 
obtain a suitable calibration constant, was employed. The results showed that the 
method would quantify the amount of the fully crystallised emulsion to be between 
80 and 90%, which was in agreement with the solid content added during sample 
preparation and confirmed by Thermal Gravimetric Analysis (TGA). The 
simultaneous TGA / DSC results were able to show the number of solid/solid peak 
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transitions as well as the total moisture content to be around 20% by mass in 
various emulsion samples studied.   
 
The study was able to model the crystallisation by using the Avrami and Tobin 
kinetic relationships which are commonly used for the crystallisation processes of 
polymers. The Avrami relationship proved to be useful in describing the type of 
crystallisation that occurred. This was based on literature where the exponent 
parameter (n) which was between 1 and 4 would relate to different types of 
crystallisation models. The results of this study showed that the crystallisation 
process would change for the samples that had shown a longer crystallisation 
process. The results indicated that the samples prepared with the lower Pibsa-Urea 
ratio showed a more sporadic crystallisation process, whereas the samples with the 
higher ratio of Pibsa-Urea showed a more controlled crystallisation process. The 
study also considered the rheological properties of the fresh emulsion, which 
showed that droplet size also had an influence on the stress strain relationship of 
the emulsion droplets.  
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CHAPTER ONE 
INTRODUCTION 
 
1.1 DEFINITION OF HIGHLY CONCENTRATED EMULSIONS 
 
An emulsion can be considered as a distribution of unrelated liquid droplets in a 
continuous liquid medium, whereas a suspension can be considered as a 
distribution of solid particles in a liquid matrix.1 Emulsions can be classified in two 
ways. The first is based on the type of dispersed phase; generally, there are two 
types: 
 Oil in water (O/W): where oil droplets are distributed in water 
 Water in oil (W/O): where water droplets are distributed in oil 
 
The second way to classify an emulsion is based on the size of the liquid droplets 
and is broadly categorised as: 
 Macroemulsions (0.2 – 0.5 µm) 
 Microemulsions (0.01 – 0.2 µm) 
 
The macroemulsions usually react very slowly or not at all and considered as 
kinetically stable while the microemulsions are generally thermodynamically stable. 
An example of a macroemulsion is the emulsion present in latex paint while floor 
polishes and cleaners are typical examples of microemulsions. 
 
In order to obtain an emulsion between two dissimilar liquids, such as a hydrocarbon 
and water, a surfactant is required that allows the two immiscible liquids to mix. For 
a surfactant to be suitable, it must be able to have good surface activity, a 
condensed interfacial film must be able to be formed and the rate of diffusion to the 
interface must be comparable with the emulsion forming time.4  
 
In order to determine which type of emulsion is present, Bancroft’s rule3 can be 
used. The rule states that the type of emulsion formed depends more on the 
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character of the emulsifying agent than on the ratio of water or oil present or the 
method used to prepare the emulsion.  
 
For example, in oil in water emulsions, the emulsifying agent is more soluble in the 
water where surfactants that have a high hydrophile-lipophile balance (HLB) 
(HLB>10) are used, surfactants such as Sodium Laurel Sulphate and Tween® 80 
(HLB =15.4). On the other hand, for water in oil emulsions, the emulsifying agent is 
more soluble in the oil where lower HLB surfactants (HLB<10) are used. These 
would include Triton SP®-135 (HLB = 8).2  
 
The instability that occurs in emulsions was found to be primarily in their ability to 
either flocculate or coalesce. Flocculation is a weak and reversible process of the 
organisation of the emulsion droplets that are separated by the trapped continuous 
phase. On the other hand, coalescence is the formation of larger droplets by the 
merging of smaller droplets. 
 
Flocculation 
The means by which flocculation is treated is dependant on whether the emulsifier is 
charged or not. If the emulsion has been stabilised by ionic surfactants then the 
flocculation can be quantitatively approached by the DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory of colloid stability.3 This theory considers the stability of 
the lyophobic colloid particles and takes into account the interaction between the 
van der Waals forces of attraction (VA) and the electrostatic repulsion between 
electrical double layers of identical sizes (VR) which exert their influence when 
particles approach one another and which determine the closeness of contact. Each 
force is independent of the other and is evaluated separately. The net result (VT) is 
obtained by the equation: 
 
VT = VA + VR                                                        (1.1) 
 
As an example, the net value of the total potential versus the distance between 
particles would determine the stability of the system (Fig 1.1).3 
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Figure 1.1 The determination of the stability of a system with regard to the total 
potential in relation to distance between the colloid particles 
 
The stability of emulsions that are prepared with non-ionic surfactants is not 
explained by the DLVO theory. For these emulsions, the presence of steric or 
entropic stabilising forces, due to the loss of entropy when the hydrated chains of 
the adsorbed surfactant intermingle, are more important. This is illustrated in Figure 
1.2, which shows the schematic illustration of (a) the electrostatic barrier and (b) the 
steric barrier involved in the stability of an emulsion.3 
  
Figure 1.2 The stabilisation of emulsions due to non-ionic surfactants 
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In an emulsion system, the droplets encounter each other as a result of Brownian 
motion or systematic movements when there is a supply of external energy. 
Flocculation can occur when there is a well-defined secondary minimum (refer to 
Figure 1.1). Once flocculation has occurred, the droplets are prevented from getting 
closer to one another and therefore cannot approach the primary minimum which is 
needed for coalescence to occur. When flocculation occurs in an emulsion, the 
emulsion can be reformed by shaking as this redisperses the particles. However, 
once coalescence occurs, there is nothing that can be done to reform the emulsion. 
The closer the globules move to one another when they undergo flocculation, the 
greater the odds that coalescence will occur. 
 
Coalescence 
When contact is made between two droplets, lamellae (thin films), which consist of 
adsorbed surfactant and continuous phase, are formed between them. Coalescence 
takes place in two distinct phases. Firstly, the films are drained as the droplets 
approach one another and, secondly, coalescence ends in the rupturing of the 
interphase film at a critical thickness. Factors that influence the probability of 
coalescence include the film thickness, the distance of separation and various 
interactive forces (van der Waals, electrical and entropic) between the droplets. An 
approximate relationship between the thinning rate and the viscosity of the film has 
been described by considering the approach of two parallel plates and can be 
expressed by the following equation: 
 

1
dt
dh
                      (1.2) 
 
where h is the thickness of the film, t is time and η is the viscosity of the medium in 
which the plates are placed.  
 
Surfactant stabilisers are free to dissolve in the dispersed and/or continuous phase 
as well as to move on the globule surface. The film rupture usually commences as a 
specific “spot” in the film arising from thinning in that area. Theories based on the 
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formation of inverted micellar intermediates or nucleation of holes in the film caused 
by defects in the surfactant monolayer have been described.3  
            
Emulsions are kinetically stable. A way of testing for the stability of an emulsion is by 
testing its rate of coalescence. This depends on: 
 
a) The physical nature of the interfacial surfactant film 
 
High elasticity and strong intermolecular forces characterise surfactant films for their 
mechanical stability. Mixed surfactant films are often preferred over single 
surfactants. 
 
b) Electrical or steric barrier (Fig 1.2) 
 
This is only present in W/O emulsions. Charge may occur due to ion adsorption from 
the aqueous phase or contact charging (the phase with the higher dialectic constant 
gets positively charged) may occur.  
 
c) Continuous phase viscosity 
 
The diffusion coefficient is lowered by increased viscosity. The Stoke-Einstein 
equation relates the movement of a spherical particle to the viscosity of the 
continuous phase.  
 
r
KTD 6
)(
                (1.3) 
where D is the diffusion constant, K is the Boltzmann’s constant, T is the absolute 
temperature,  is the viscosity and r is the radius of a spherical particle.   
 
An emulsion with a higher viscosity would result in fewer collisions and therefore a 
lower coalescence.  
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d) Droplet size distribution 
 
A more stable emulsion is formed when the droplets have a fairly uniform droplet 
size when compared to an emulsion with the identical mean droplet size but a larger 
range of distribution.  
 
e) Phase volume ratio 
 
The stability of the emulsion is inversely proportional to the volume of dispersed 
phase. As more dispersed phase is added, the likelihood of the dispersed droplets 
merging and rising to the top of the emulsion is increased. This is known as 
creaming. If the volume of dispersed phase is increased enough, a phase inversion 
can occur. 
 
f) Temperature 
 
The stability of the emulsion is temperature dependent. The temperature has an 
effect on interfacial tension (D), solubility of the surfactant, Brownian motion of the 
droplets and the viscosity of the liquid.4  
 
Concentrated water in oil emulsions are also known as biliquid foams as they 
consist of foam-like polyhedral compartments that make up the internal phase. 
These fill up the continuous phase and cause it to become firm and gel-like. When 
creating a stable water in oil emulsion, it is best to keep the attraction between the 
emulsion droplets to a minimum. Furthermore, it is found that the stabilising of the 
emulsion is not enhanced by the presence of salt; therefore, the hypothesised 
mechanism that salt assists with stabilisation against Oswald ripening is not correct 
for water in oil emulsions. Oswald ripening is defined as the dissolution and 
recrystallisation of smaller particles on a larger crystal surface. It occurs when the 
smaller particles have a higher Gibbs energy, because they have higher surface 
energies and therefore higher solubility.5  
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1.2    DEFINITION OF EMULSION EXPLOSIVES 
 
An emulsion explosive is a concentrated water in oil emulsion. These emulsions 
consist of a finely dispersed aqueous phase that is within a continuous oil phase. 
The aqueous phase typically consists of a high oxygen content nitrate salt, such as 
a supersaturated solution of ammonium nitrate, which can act as an oxidiser. The oil 
phase is typically a hydrocarbon such as diesel and supplies the fuel for the blast.9 
 
Due to the low cost and good explosive properties, emulsion explosives are 
extensively used in applications such as open cast mining and, unlike conventional 
ammonium nitrate-fuel oil (ANFO) type explosives, water in oil emulsion explosives 
are for the most part water resistant as they have a continuous water-immiscible oil 
phase. As a result, they are not dependent on the integrity of the package for water 
resistance.8 
 
Emulsion explosives are innately safer than other general explosives used in the 
mining industry as a result of their need to be “sensitised” before detonation. 
Sensitisation of emulsion explosives is done by introducing tiny spaces into the 
emulsion matrix. Voids are usually either air or a hollow or permeable material. 
During detonation, these voids are compressed. The system does not gain or lose 
any heat, so these compressions are known as adiabatic compressions. They result 
in a very quick increase in temperature which surpasses the explosives detonation 
temperature, causing the explosive reaction and thereby propagating the explosion 
process. 
 
A disadvantage of traditional sensitisation is that it is expensive and needs to be 
done before the explosive is introduced into its blasthole. These disadvantages can 
be overcome by using the chemical gassing method, which generates in situ 
bubbles by creating a R-NO bond from the conversion of organic groups. This 
reaction is known as a nitrosation reaction. Once an emulsion has been gassed, it 
provides excellent sensitisation to detonation and is very resistant to desensitisation 
due to high pressure. Gassing is started by adding a highly concentrated nitrite ion 
solution to the emulsion explosive. When mixed, the nitrite reacts with the ammonia 
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present in the emulsion and nitrogen is produced (Equation 1.4). A disadvantage of 
using this method is that the reaction proceeds slowly at ambient temperatures.9  
 
NaNO2 + NH4+ → N2 + 2H2O + Na+                   (1.4) 
 
In terms of the rheological properties, the ability to pump these explosives is an 
important property and has become common practice during their manufacture, 
transportation and use. Several accidents have happened that have resulted in the 
introduction of extensive safety specifications.10 Studies by Perlid42 showed that the 
dry pumping of heavy ANFO products can cause a rapid temperature increase to 
800ºC. This would result in the rubber components of the pump as well as the 
product to be destroyed. In some cases, when these experiments were carried out 
with a cap-sensitive emulsion explosive, an explosion resulted. 
 
Parameters that determine the thermal performance of the emulsion explosive are 
highly important as they determine the sensitivity and therefore the safe use of the 
explosive. It was shown by Olsen43 that the minimum burning pressure is lowered 
and the linear burning rate is increased by an increase in the original temperature in 
the emulsion matrix.10   
 
The stability of an ammonium nitrate emulsion can be increased by adding an 
emulsifier. The higher the concentration of the emulsifier in the continuous phase, 
the more stable the emulsion. The emulsion will also become stiffer as more 
emulsifier is added. The total emulsifier added to the emulsion is normally quite low, 
but a relatively high amount may be added in the continuous phase.6 
 
1.3 THERMAL DECOMPOSITION OF AMMONIUM NITRATE  
 
Ammonium nitrate is unstable and can start to decompose when heated. The 
decomposition can be catalysed by the addition of certain chemical substances, 
such as sulphuric or hydrochloric acid, as well as lubricating or diesel oils. The onset 
temperature for pure ammonium nitrate is about 190ºC while the addition of the 
aforementioned catalysts can reduce this temperature to about 132, 122, 158 and 
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154ºC respectively. Since the pure material is a strong absorber, it is often stored as 
a crystalloid.11 
 
The metastability of ammonium nitrate is because it contains strong oxidising (NO3-) 
and reducing (NH4+) groups. The pure material melts at about 167ºC and, above this 
temperature, it readily undergoes an exothermic reaction to produce nitrous oxide. 
 
NH4NO3 → N2O + 2H2O               (1.5) 
 
Simultaneously ammonium nitrate can also dissociate easily to produce ammonia 
and nitric acid which is an endothermic reaction. 
 
NH4NO3 → NH3 + HNO3                                 (1.6) 
 
As both reactions take place inside the molten state, a thermal equilibrium can be 
reached in which a constant temperature is maintained. This temperature depends 
on the heat loss of the system. This equilibrium would also prevent a runaway 
reaction in which the reaction proceeds without control.12  
 
Ammonium Nitrate (AN) emulsions are made by adding a hot solution of aqueous 
ammonium nitrate (80ºC) to an oil phase such as liquid paraffin. This causes a 
dispersion of the aqueous droplets which then make up the dispersed phase. Less 
than 20% of this phase consists of water. Hydrocarbons (consisting roughly 15% of 
the phase) as well as various stability affecting surfactants make up a solution of an 
emulsifier which acts as the continuous phase. This results in an emulsion that has 
dispersed droplets inside an oil matrix which is stabilised by the surfactants added 
previously. The stability of the emulsion is determined by the formulation and ratio of 
all its constituent components.7 
 
1.4 RHEOLOGY OF EMULSIONS  
 
Rheology is the study of the deformation flow of matter in which information is given 
about the physical and chemical properties such as viscosity, viscoelasticity, yield 
point and shear rates. These properties influence the performance of the emulsion 
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under application and, as such, are important in maintaining the emulsion’s stability. 
As an emulsion becomes unstable, it forms a suspension that can be regarded as 
an unwanted phase. This changes the rheological properties to such an extent that 
the AN becomes difficult to pump and has poor explosive properties since it cannot 
be effectively activated. This change from the emulsion to the suspension can be 
observed by a change in the viscosity of the dispersed droplets, which becomes 
infinitely high. In the study of the rheological properties of emulsions and 
suspensions, two fundamental theories exist. The first theory is for the limiting case 
of the concentration dependence of the viscosity of dilute dispersions ((φ)) and 
explained by the following equation1: 
 
                           (1.7) 
 
The second fundamental is Stokes’ equation, which relates the velocity of a hard 
sphere that is descending in a continuous liquid medium. The motion can be 
described by the variation in density of the sphere substance and the liquid medium 
as follows: 
 
09
)2( 2

 RgUst                   (1.8) 
 
where ∆р is the difference in densities, g is the gravitational acceleration and R2 is 
the radius of the falling spherical particle. 
 
Emulsions can cover a large range of domains of intermediate concentrations. Their 
borders range from the edge of dilute emulsions with a linear reliance of viscosity on 
concentration to the other side where the concentration comprises of high 
concentrated emulsions that are made of closely packed spherical drops. The 
packing of the drops is such that another drop cannot be added without distorting 
the spherical shape of the drops that are already packed. This packing can be 
usually described by cubic close packing (ccp) where the droplets have a polyhedral 
shape that is the result of being compressed. 
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The fluid flow of emulsions shows similar behaviour to the properties of the 
distribution of solid particles in a flow medium. The solid-like behaviour is due to an 
elastic interfacial layer that is formed at the surface of the drop. The boundary 
conditions of the two fluids are changed by their elastic layer that prevents the 
deformation of the liquid inside the drops. As the concentration of an emulsion is 
increased, the viscosity at low shear rates is increased resulting in an increase in 
non-Newtonian effects of the fluid properties. When the top limit of the realm of 
intermediate concentrations is neared, a transition from typical Newtonian 
performance to irregular flow with prominent non-Newtonian properties occurs.1  
 
When approaching the concentration of an emulsion where the limit of closest 
packing occurs, a sharp change in the rheological properties occurs where visco-
plastic behaviour replaces normal Newtonian viscosity flow. There is a big decrease 
of the apparent viscosity which can be linked to the rupturing of the emulsion 
structure. This can be considered as the yield stress. This change from Newtonian 
to visco-plastic behaviour occurs in a narrow concentration range and can be 
observed in typical flow curves obtained from a rheometer (Fig 1.3).  
 
Figure 1.3 Water in oil emulsions flow curves as the concentration boundary relating 
to the closest packing of spherical drop is neared1 
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At the higher concentrations, other rheological effects, such as viscous thixotropy, 
also become evident. This property is caused by the interfacial layers of the tightly 
arranged drops that result in an ordered structure which is demolished by 
deformation and subsequently restored by relaxation.  
 
Further changes in the rheological properties occur as the boundary limit is 
approached due to an increase in concentration. Visco-plastic performance replaces 
the Newtonian viscous flow and a decrease of the apparent viscosity occurs. The 
increased concentration also increases the effect of the size of the drops on the 
emulsion’s rheology which in turn affects the ratio of the volume-to-surface. As a 
result, the increased diameter causes an increase in the internal flow of the drops.  
 
An emulsion which has a concentration where φ > φ* is considered to be a highly 
concentrated emulsion (HCE), where φ* represents the closest packing of spherical 
particles in space. Princen proposed that, in order to create these types of 
emulsions, it is necessary to transform the spherical particles into tightly packed 
polygonal shapes by means of applying pressure which causes compression of the 
drops.1 This external pressure is equal to the osmotic pressure (Π), acting within the 
thermodynamic system. The work, which results when the HCE is created, is equal 
to the energy that is stored, given by the expansion in droplet surface area due to 
alteration in  the form and can be described by: 
 
dsdV                 (1.9) 
 
where ds is the increase in droplet surface area, dV is the change in volume and δ is 
the interfacial tension.  
 
By substituting in the expression for concentration, an equation for the osmotic force 
as a function of concentration is obtained: 
 )(
2
 dV
Sd
               (1.10) 
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where Π is the osmotic pressure,  is the interfacial tension, d  is the change in 
concentration, dS is the change in surface area and dV is the change in volume. 
 
The accumulated surface energy acts as a supply of elasticity of the HCE which is 
seen in shear deformations. The correlation between osmotic pressure Π and the 
concentration reliance of the shear elastic modulus G gives experimental evidence 
of the above concept (Fig 1.4).   
 
Figure 1.4 The correlation between the osmotic pressure (filled circles) and the 
elastic modulus (unfilled circles)1  
  
The idea put forward regarding the elasticity of HCE as the result of the increase of 
surface energy upon compression can be reflected by means of a reduction factor 
(б/R). This method uses the assumption that both G and Π are inversely relative to 
the size of the droplet.  
 
Due to the HCE existing in rather a narrow concentration range (from 0.71 until 
0.92), the differences between both the methods is not justifiable from a practical 
viewpoint. However, solid-like characteristics can be seen in the concentration 
domain φ>φ* where φ* would be within the range of 0.71 and 0.74.1 This range 
represents the closest packing of spherical particles, keeping in mind that 
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polydispersion can occur. When constant stress is applied to HCE, they display 
strong non-Newtonian behaviour and flow like any other liquids. This can occur 
beyond a certain stress maximum which has the implication of yield stress (τy) (Fig 
1.5).  
 
Figure 1.5 The demonstration of the existence of yield stress by the flow curves of 
water in oil HCE1  
 
Even at slightly increased concentrations of dispersed phase, the yield stress is 
remarkably increased. When stresses are below the yield stress (τ<τγ), flow would 
not occur (Fig 1.6). 
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Figure 1.6 Rheological properties in the whole concentration range of emulsions 
where: 
 
I = Newtonian liquids with η constant – domain of dilute emulsions 
II = Emulsions are liquids that do not have a strongly pronounced non-Newtonian 
behaviour – domain of intermediate emulsions 
III = Non-Newtonian effects are strong – domain of relatively highly concentrated 
emulsions 
IV = Yield performance, large frequency span of elasticity and steady shear modulus 
– domain of highly concentrated emulsions1 
 
When a transition into HCE occurs, a change in the concentration reliance of the 
rheological characteristics and the effect of drop size also occurs. It was shown that 
the viscosity of emulsions created by larger drops is lower than the viscosity of 
emulsions created by smaller droplets.1 The non-Newtonian performance is more 
expressed for the distribution of fine droplets. It is clear that the viscosity of an 
emulsion is influenced by the droplet size, but it is not easy to devise any definitive 
quantitative deductions due to the non-clarity of how to make a choice on which 
viscosity values to use for comparison when using non-Newtonian flow curves. 
Better strategies are established on modulus and yield stress amounts.1 Another 
important factor in moving HCE by means of pumping is its boundary conditions. 
Due to the interaction with the walls of the pipe, a likelihood of wall stick, which is no 
movement of the material making contact with the walls of the pipe being pumped 
through the pipe, is clear for the motion of suspensions as the border conditions are 
able to be altered. Experiments have shown that it is possible for colloid dispersions 
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to undergo wall slip (movement at the wall occurs) when flowing. Derkach1 cites the 
studies done by Buscall et al showing that the possibility of wall slip for HCE is less 
apparent. The emulsion structures are placed in doubt as they are made up of fluid 
constituents and the hypothesis of wall slip would be possible for any of them. 
 
However, opposed to this argument, the droplets of the distributed phase perform 
similarly to solid particles and wall slip for these quasi-suspensions is reasonably 
likely. When dilute emulsions flow in a channel, the presence of wall slip is shown by 
means of dynamic light scattering to measure viscosity profiles. The results were 
unrelated to the flow curves as the dilute emulsion illustrated a Newtonian viscosity 
while the HCE performed in a non-Newtonian way. Separate measurements using 
NMR-velocimetry have also concluded that wall slip is a requisite constituent in 
shearing emulsions.1 Outcomes of comparable studies of flow of HCE showed that 
wall slip causes an increase in the perceptible shear rate when compared to the real 
shear rate in the domain beneath the yield stress where actual flow is not possible.1 
The result of wall slip was shown to be weaker for a suspension than for an HCE. 
This is due to the decreased size of the distributed droplets in the emulsion as 
compared to the increased size of the particles in the suspension. 
 
In this study, the rheological properties of highly concentrated AN emulsions were 
determined in order to ensure that the emulsions were made properly. The results of 
the analytical tests are included in Chapter 3. 
 
1.5 THE EFFECT OF AGING ON THE RHEOLOGY OF HIGHLY 
CONCENTRATED EMULSIONS 
 
The maximum value for volume filling (θ) of the aqueous phase in the non-aqueous 
phase is about 0.74 for a two-component system where the dispersed particles are 
homogeneous and spherical. However, for a HCE, a critical value of 0.98 can be 
reached due to the polydispersed polyhedron shaping of the dispersed phase 
particles that come about as a result of the increase of the concentration 
compressing and then transforming the spherical droplet into a polyhedron shape. 
The increase in the concentration of the emulsion beyond a critical value would 
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cause a change in the rheological properties of the emulsion.16 HCE are unstable 
systems where their instability with time may occur due to a number of reasons. 
HCE systems behave like typical colloidal materials where the presence of a 
surfactant would lower the surface tension of the dispersed particles because of 
their sorbtion onto the surface. Should the dispersed particles come into contact with 
each other, coagulation and flocculation of the particles will occur. Another reason 
for their instability is that the dispersed particles are thermodynamically unstable 
since they contain a super-cooled aqueous solution. As a result of this, their 
rheological properties will change over time thereby resulting in not only the inability 
of the HCE explosive to be sensitised for application, but also making it difficult to 
transport by means of pumping. This aging effect on the rheological property of the 
HCE can be expressed by the following equation:    
 
)()( 3
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                          (1.11) 
 
where Go is the elastic modulus as a function of the concentration of the distributed 
phase, γ is the interfacial tension, R32 the average surface to volume radius of a 
drop, and a and b are imperial constants for a particular system.16 
 
As the emulsion to suspension transition occurs during ageing, the significant 
change in the rheological properties from emulsion-like behaviour to solid-like 
behaviour increases the storage modulus in addition to the Newtonian viscosity that 
is measured in the increasing sweeping shear rate manner of a typical rheological 
study.16 Studies have been done in the field of HCE of AN linking various rheological 
properties to the kinetics of aging and crystallisation.17, 18, 19, 20 
 
1.6 SURFACTANTS 
 
A surfactant is an amphiphilic molecule that has properties of both hydrophobic and 
hydrophilic molecules. Typically, a surfactant consists of a hydrophobic “tail” which 
dissolves in non-polar solvents and hydrocarbons, and a hydrophilic “head” which 
dissolves in polar and aqueous solvents. When a certain amount of surfactant is 
dissolved in water, it causes a change in the properties of the solution. The surface 
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tension of the solution is decreased while the capacity of the solution to dissolve 
hydrocarbons is increased. These alterations will only occur once a minimum 
concentration of surfactant, known as the critical micelle concentration (cmc), is 
achieved and can be observed by a change in the solutions surface tension (Fig1.7).  
 
Figure 1.7 Determination of the critical micelle concentration  
 
Below the cmc, the surfactant molecules exist as solvated monomeric species while, 
above the cmc, these monomeric species assemble to form approximate 
agglomerated spheres known as a micelle. Non-ionic surfactants can form micelles 
of greater than 1000 molecules. Ionic surfactants, however, form micelles of 
between 10 and 100 molecules that are primarily attributed to the electrostatic 
repulsion between the head groups. The interior of a micelle is an arrangement of 
hydrocarbon chains effectively forming an oil droplet. This oil-like interior is what 
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gives the micelle its properties. The most common use of surfactants is as 
detergents.13  
 
Surfactants create a layer around the surface of the droplets. The estimation of the 
effect of a surfactant is required when analysing experimental data related to 
viscosity. The real diameter will appear larger than it actually is if the layer of 
surfactant is of the same order as the size of the drop. The suspension of solid 
particles gives a good illustration of the viscosity of emulsions if the above factor is 
taken into account.  
 
Since an emulsion is a combination of two immiscible liquids, the surfactant’s role is 
very important in their formation. The hydrophilic part of the surfactant will combine 
with the aqueous part of the emulsion while the hydrophobic part of the surfactant 
will combine with the hydrocarbon part of the emulsion and, in so doing, will lower 
the interfacial tension between the two liquids, allowing the emulsion to form. 
 
In this study, surfactants were used to stabilise the emulsions that were made. The 
variation in the surfactants is also examined in terms of how they affect the 
crystallisation rate of their respective emulsions.  
 
1.7 KINETICS 
 
Kinetics can be defined as the study of the rate of a reaction. When a reaction 
occurs, there is a change from reactants to a product. 
 
A → B               (1.12) 
 
The rate of the reaction is therefore defined as the change in the concentration of A 
over time and can be expressed as follows: 
 
dt
Adr ][                                   (1.13) 
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where r is the reaction rate, d[A] is the change in the concentration of A and dt is the 
change in time.  
 
There are many factors that can influence the reaction rate, such as the 
concentration of the reactants, the temperature and pressure at which the reaction 
takes place as well as the stability of the reactants and products produced. In the 
case of crystallisation where there is an amorphous material that is changing to a 
crystalline phase over time, the amorphous material would be the reactant while the 
crystalline material is the product.14 The reaction rate can be plotted to produce a 
curve where the concentration will be on the y-axis and the time will be on the x-axis 
(Fig 1.8). 
 
 
Figure 1.8 Example of a reaction process of the reactant, A, changing to a product, 
B 
 
A significant function of the stability in the crystallisation kinetics of an oversaturated 
aqueous emulsion is determined by the character of the surfactant. Kinetic 
processes can be described by the rate at which a change occurs. In the case of AN 
emulsions, it is the rate at which an amorphous AN emulsion crystallises until 
complete crystallisation occurs. A number of models can be used to describe the 
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kinetics of such a system. Examples of these are the Avrami, which is also known 
as the JMAK equation, Tobin, Urbanovici-Segal and the Malkin equations. The 
Avrami equation is used the most as it is the easiest to use. The Kholmogorov-
Avrami equation can give a good fit of various phase transition systems, such as 
pharmaceuticals that are examined.15 
 
By means of the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, the 
crystallisation process can be expressed as follows: 
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where Xcr  is the degree of crystallisation, t is time in days, θ is the characteristic 
time-related constant and n is the Avrami exponent, which is an empirical factor and 
will be abbreviated in this study as na. This exponent can reflect the nucleation traits 
during the process of crystallisation and should be an integral in the range from 1 to 
4.32 When n is close to 4, a 3D geometry is expected. When n is close to 3, a planar 
(2D) geometry is expected. When n is close to 2, a sporadic nucleation occurs. 
When n is close to one, the crystallisation occurs by means of heterogeneous 
nucleation. For such a case, erratic nucleation would occur.7 If the above equation is 
linearised, then θ as well as the empirical factor (na) can be determined by the slope 
and y-axis intercept as follows: 
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An observation that was made about the Avrami equation is that the equation only 
works for systems during the early crystallisation stage.32 Tobin made an attempt to 
improve the Avrami equation and proposed an equation explaining phase 
conversion kinetics with growth site impingement.32 The Tobin equation is 
expressed as follows: 
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where Xcr is the relative crystallinity at time (t), kt is the Tobin crystallisation rate 
constant and n is the Tobin exponent where it will be expressed as nt in this study. 
The Tobin exponent does not need to be an integer and is an indication of the 
different type of nucleation and growth mechanisms.32  
 
The above Tobin equation can also be linearised as below to determine the nt Tobin 
exponent and the θ, the time related constant similar to the one determined from the 
Avrami equation where it would be related by θ = 1/kt. 
 
)1ln(lnln tktkX ntntcr             (1.17) 
 
Malkin32 proposed a different macrokinetic equation derived from the concept that 
the overall crystallisation rate equals the rate at which the extent of crystallinity 
changes due to the appearance of primary nuclei as well as the variation due to the 
rate of crystal growth. The equation can be written as follows: 
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where Xcr is the relative crystallinity at time (t), 0C  is related to the ratio between the 
linear growth and nucleation rates while 1C  is related to the overall crystallisation 
rate. Both 1C  and 0C  are constants that are dependant on temperature and cannot 
be easily applied to the crystallisation of HCE of AN.32 
 
In this study, the crystallisation of highly concentrated AN emulsions was modelled 
only by using the Avrami and Tobin equation. Their related time constants (θ) and, 
in particular, their empirical constants (n) for the different crystallisation rates were 
compared.  
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1.8 CRYSTALLISATION 
 
One of the main causes of ageing of the HCE is the crystallisation of the super-
cooled solution within the aqueous phase. This occurs via nucleation which can be 
unassisted or assisted depending on whether the nucleation occurred in the 
molecules themselves or by means of some solid matter that was already present. 
Unassisted nucleation can be described as the attraction between solute molecules. 
These can either stay together for a short period of time or break apart. However, 
sometimes more solute molecules are attracted to each other and the group does 
not easily break apart. Once the attractive forces of the mass of molecules become 
strong enough, a nucleation site would occur, initiating further attraction of solute 
molecules. The group of molecules then reaches a critical mass that would then 
precipitate out of solution. Assisted nucleation is similar, except that the solid mass, 
which becomes the seed for nucleation to begin, is already present in solution. The 
formation of crystals can be considered as a collection of a large number of ordered 
identical units.21 In the case of HCE of AN, the crystallisation that occurs within the 
emulsion droplet would eventually pierce and rupture the emulsion droplet’s surface 
skin. This, in turn, could initiate further crystallisation in neighbouring droplets that 
can then propagate throughout the emulsion mixture.     
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1.8.1  Powder X-ray diffraction 
 
 
Figure 1.9 A unit cell of AN phase IV: Orthorhombic Space Group PmmnZ with unit 
cell dimensions a=5.80Ǻ, b=5.47Ǻ & c=4.94Ǻ 25 
 
A crystal is made up of unit cells that are arranged periodically into a crystal lattice. 
The unit cell consists of atom types that are at fixed positions within the unit cell 
arrangement (Fig 1.9). The atoms of a crystal can be described by their 
arrangement in a plane, spaced by a distance d apart. The unique unit cell lattice 
parameters can then be determined by the Powder X-ray Diffraction (PXRD)  by 
using Braggs law where the common notations used are a, b and c for the 
respective unit cell lengths and the angles of α, β and γ as the respective angles 
between the various planes a, b and c.22 A summary of the different crystal classes 
and their axis systems is shown in Table 1.1.  
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Table 1.1 Crystal classes and their axis systems22 
Crystal class Axis system 
Cubic a = b = c, α = β = γ = 90º 
Tetragonal a = b ≠ c, α = β = γ = 90º 
Hexagonal a = b ≠ c, α = β = 90º, γ = 120º 
Rhombohedral a = b = c, α = β = γ ≠ 90º 
Orthorhombic a ≠ b ≠ c, α = β = γ = 90º 
Monoclinic a ≠ b ≠ c, α = γ = 90º, β ≠ 90º 
Triclinic a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90º 
 
A diffraction pattern is made up of three parts: the position of the peaks, the intensity 
of the peaks and the number of peaks. A unique X-ray Diffraction (XRD) pattern is 
obtained for each crystalline material. Peaks that are observed are inversely 
proportional to the symmetry of the unit cell (the larger the number of peaks, the 
lower the symmetry). Repeated spacings in the planes of the structure are related to 
the d-spacings observed and the intensity of the obtained peaks is related to the 
types of atoms that are present in the repeating plane. The number of electrons 
present in the atom is related to the scattering intensities. Lighter atoms scatter X-
rays poorly while the scattering in heavier atoms is much stronger.34  
 
An amorphous material is a material that does not have a defined shape or form. As 
no form is present there is no regular repeating plane and, as such, there are many 
peaks obtained resulting in a broad halo. In the case of the AN emulsions, a broad 
halo will be obtained initially, but, as the samples crystallise, the symmetry of the 
planes is increased and a narrower halo will be obtained. Amorphous compounds 
undergo physical and chemical changes more easily than crystalline compounds. 
This is due to the amorphous compound having a higher free energy.36 
 
At certain angles of incidence (θ), X-ray beams are diffracted by the planes within 
the crystal. Depending on the wavelength of the X-ray and the distance between the 
planes d, a diffracted constructive interference wave would occur at a certain angle 
θ according to Braggs Law. 
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 sin2dn               (1.19) 
 
where n is an integer, λ is the incident beam of the X-ray’s wavelength and d is the 
distance in between atomic planes in the crystal. 
 
In order to detect amorphous material, FT-Raman as well as Near Infra Red has 
been used in the past, but they are techniques that are dependent on suitably 
separated bands between the amorphous and crystalline phases. PXRD is a 
sensitive and fast method, and is currently being used in this study to determine the 
amorphous phase in a crystalline solid sample.38 XRD is a technique that can be 
used to study the ordered arrangement of atomic or molecular units within a solid 
material, and thereby uniquely identify and quantify the specific solid phases 
present. The process whereby crystallisation occurs in HCE of AN can be relatively 
slow and may take several months to reach completion. PXRD would be a suitable 
technique to observe these changes in crystallinity over time. In addition, PXRD can 
be used to distinguish between different crystalline phases of a material, especially 
in a sample that has multiple crystallisation phases present or that might undergo 
crystalline phase changes due to time or temperature. When the correct crystal 
information for the different phases is obtained, PXRD is also able to effectively 
quantify the amount of each phase present in a sample matrix to effectively quantify 
multiple phases in a solid sample. In the case of samples that contain amorphous 
material, 100% crystalline and 100% amorphous diffractograms of material are 
required, and these are then used to fit to the sample containing unknown amounts 
of the respective phases. This requires consistency of the peak shapes and 
positions for a particular phase in order to produce reliable results, where effects 
such as impurities and preferred crystalline orientations can introduce significant 
errors.38 
 
1.8.2 Rietveld refinement 
 
If all the phases present are identified and their respective crystal structures known, 
then the technique of Rietveld refinement of the whole powder X-ray diffraction 
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pattern can be used as apposed to a single diffraction peak. Rietveld refinement 
was developed by Hugo Rietveld in 1969 and was used to determine the crystal 
structure, the crystal size, the amount of disorder and the quantitative percentages 
of crystal structures in a powdered sample of material.23 By using the whole 
diffraction pattern in the analysis, the errors due to peak overlaps and crystal plane 
preferred orientation can be taken into consideration.35 
 
At the time, Rietveld realised that a neutron powder diffraction pattern was made up 
of Gaussian peaks on top of a smooth background which created a smooth 
continuous curve. It was possible to determine a mathematical model to describe 
the entire diffraction pattern by considering the following: 
 
Yc = Yb + ∑ Yh               (1.20) 
 
where Yb is the background contribution and Yh is the contribution by each of the 
Bragg reflections for the different phases present in the sample. Both the Yb and the 
Yh correspond to a mathematical model that incorporates both the instrumental 
fundamental parameters, and the crystallographic parameters of the crystalline and 
non-crystalline phases of a sample analysed by PXRD.24 The non-crystalline phases 
are normally described as part of the background (Yb) which also incorporates the 
amorphous, semi-crystalline and instrumental noise. If these are required to be 
quantified as part of the crystalline reflection, then a standard that contains a known 
amount of amorphous phase is required and analysed with the aim of determining 
what quantity of amorphous phase is present in the sample under investigation. This 
can be a very tedious method of analysis; however, commercially available software 
by the suppliers of PXRD instrumentation, such as Bruker, incorporates many of the 
complex mathematical algorithms into user-friendly graphic user interfaces (GUI), 
such as Topas®.25   
  
1.8.3 PONKCS 
 
Recently, Scarlett and Madsen39 published an article that described the possibility of 
establishing the quantitative phase constitution of a sample that contained a partial 
crystalline material or a phase that had no known crystal structure using Rietveld 
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refinement within commercial software such as Topas®. The technique has become 
known as the PONKCS (Partial Or No Known Crystal Structure) method and makes 
use of a pseudo crystal structure that is suitably refined and fitted to a diffraction 
pattern of a sample that has a known amount of the phase in question.39  
 
If all of the phases in a blend are identified and their phases are crystalline with 
good available crystal structural information known, then the ZMV is an empirical 
value determined from the crystallographic information of the particular phase. Hill 
and Howard44 first described the determination of the amount of a phase in a blend 
to be relative to the result of the scalar factor as determined from a multiple 
constituent Rietveld analysis with a known mass and unit cell volume. If all the 
phases are known, then the weight portion of the phase p would be described by 
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where S is the Rietveld scalar factor, Z the number of formula units per unit cell, M 
the mass of the formula unit and V the unit cell volume.  
 
The ZMV that is determined for each phase present in a mixture would be the basis 
for multi-component phase determination in mixtures such as cement and 
minerals.39,47 However, if there is a phase with an unknown crystal structure or even 
a poorly determined structure of only lattice parameters and hkl values, such as is 
the case for many clay type materials, then the ZMV would be unknown. This can be 
solved by making use of the internal standard method where the diffraction peaks 
due to unknown crystal structure can be clearly distinguished from the rest of the 
diffraction pattern. If there are more than one unknown crystal structure compounds 
present, then all unknown structures are often treated as one unknown entity.39 
 
This technique can also be applied to an amorphous material where a “fictitious” 
structure with hkl planes from an arbitrary space group is allowed to refine and fit to 
the amorphous halo that results from the diffraction of a pure amorphous sample. 
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The resulting ZMV value for the amorphous phase is then determined from a 
mixture with a pure crystalline material of known amounts. This principle was 
applied in this study to determine the true crystalline content of the emulsion as it 
aged. Previous studies showed that the diffraction halo that resulted from the pure 
amorphous emulsion and crystalline phase of the AN could only give an indication of 
the degree of crystallisation.7 This was done on the basis that the Topas® 
refinement software would only fit predefined Gaussian type curves to the pure 
amorphous diffraction halo (Fig 1.10). These would then serve the basis for further 
refinement relative to the crystalline phase of AN that would then appear as sharp 
diffraction peaks of a particular AN phase (Fig 1.11). 
 
 
 Figure 1.10 PXRD pattern of a newly prepared AN emulsion showing the fitting of 
three broad peaks to describe the amorphous diffraction pattern (Ferg & Masalova7) 
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Figure 1.11 PXRD pattern of an aged AN emulsion showing complete crystallisation 
with a degree of crystallinity of 21.7% (Ferg & Masalova7) 
 
However, the problem was that the final refinement of the fully crystallised phase 
would only give a true degree of crystallinity of around 21% where the solid content 
added to the emulsion mixture were in most cases close to 80%. The difference 
could not be accounted for and related to the refinement of using a relatively simple 
model to define the amorphous halo. This, however, was not a problem in that the 
technique still proved to be useful in determining the change in relative crystallinity 
to determine the crystallisation rate.   
 
The difference between degree of crystallinity and crystallisation is often 
misunderstood, and, as such, should be clearly defined. The degree of crystallinity is 
described as the percentage of crystalline material present in a sample in relation to 
the total amount of amorphous material present. As such, it is possible to have a 
fully crystallised sample that has been influenced by imperfections and defects 
present in the sample. Crystallinity is determined by the addition of a known 
standard that has a similar concentration of unknown amorphous material. An 
alternative to this is to create a calibration curve in which a number of standards that 
have varying but known amounts of crystalline and amorphous material are 
prepared. The results obtained from these standards are then compared to the 
sample. If neither an accurate calibration curve nor the addition of a suitable 
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standard are possible to perform, as in the case of an HCE of AN, then only the 
relative crystallinity can be determined since the addition of any crystalline or 
amorphous material to a relatively thermodynamically unstable sample would 
change the emulsion characteristics and properties. The degree of crystallinity can 
be defined as follows if the masses of both the crystalline (Mcr) and the amorphous 
(Mam) are known.7 
 
amcr
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Crystallisation is a process that occurs over time and can be defined as the rate at 
which the material changes phase and crystallises. This change can vary with the 
environmental conditions as well as the sample history. The assumption is also 
made that the process of crystallisation is considered complete when there is no 
further change in the diffraction pattern of the fully crystallised sample with time.  
 
The quantification of the amorphous phase is one of the most challenging 
analyses.38 In general, the crystal growth from an amorphous phase normally occurs 
at a nucleation region and, as time progresses, the crystal growth spreads over the 
remaining material. The rate can be determined by a measurement of the amount of 
crystallised material relative to the amount of “uncrystallised” or amorphous material 
at a certain time in relation to a time zero. As crystallisation process increases, the 
lattice disorder within the crystalline material increases and can also be investigated 
by means of considering the scattering angle reliance of the diffracted peak width 
broadening.37 PXRD is a useful tool to investigate the properties of processes that 
are sufficiently slow where multiple sample scans can be done over time. The 
technique also allows for a relatively large sample to be analysed in order to 
average the phenomena over a larger sample area and has little or limited chemical 
effect from the X-ray radiation on most materials. Modern instrumentation allows for 
samples to be placed on the instrument in air tight sample holders or capillary tubes 
and, in the case of emulsions, horizontal sample stages allow such samples to be 
placed horizontally on the goniometer without the problem of sample displacement 
or loss. However, if the rates to be studied are relatively fast, such as within a few 
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seconds, then the technique would not be suitable to determine a meaningful rate 
constant.  
 
In this study, the technique of Powder X-ray Diffraction was used to investigate not 
only the crystallisation rate of HCE of AN prepared under different conditions, but 
also to determine  accurately the degree of crystallinity by considering the PONKCS 
method of analysis using a suitable comparative set of standards.  
 
1.9 AMMONIUM NITRATE 
 
Ammonium nitrate has been extensively studied in terms of understanding its 
thermal and physical properties26, 45, 46. This was largely motivated by its wide use as 
a blasting agent and a fertiliser. Even though it has disadvantages, such as the low 
temperature solid phase transitions that can cause particle conglomerations, its 
hydroscopic nature and low burning rates, the material is extensively used because 
of its low cost and ready availability. Pure ammonium nitrate has seven different 
crystallisation forms in the solid state (Table 1.2).26  
 
Table 1.2 Crystal structures of pure ammonium nitrate27 
Phase Structure Temperate 
I Cubic 169º to 125ºC 
II Tetragonal 125º to 84.5ºC 
III Orthorhombic 84.5º to 32ºC 
IV Orthorhombic 32º to -16ºC 
V Tetragonal below -16ºC 
VI N/a Above 169ºC at pressure higher than 9000 kg cm-2 
VII N/a Below -170ºC 
 
The material can undergo at least five phase changes that exist at atmospheric 
pressure. A phase change occurs from the phase V to IV at -18ºC. This changes to 
phase III between 32ºC and 55ºC while a change from phase III to the phase II 
occurs at 84ºC. The phase I change occurs at 125ºC. At about 170ºC, the AN melts. 
Alternatively, the phase IV can change directly to the phase II at 52ºC. The 
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temperatures at which the transitions occur are not always consistent. This is true 
for not only different samples, but also within the identical sample as the transitions 
are dependant on several aspects. The most familiar of these aspects are the water 
content of the sample, the impurity content of the sample and the thermal history of 
the sample. The other factors are more complicated to quantify. Low water content 
will result in the direct phase change from phase IV to phase II without first 
converting to phase III. A variety of mechanisms of decomposition and the kinetics 
are available, which is possibly due to varying experimental parameters, such as 
pressure, the size of the sample taken, heating rate, condition of confinement, and 
the amount of impurities and moisture present.41  
 
As the temperature of a solution is increased, the solubility of AN generally 
increases (Table 1.3).  
 
Table 1.3 Solubility of AN at different temperatures31 
Temperature (ºC) Solubility  
(g/100 ml) 
0 118 
20 150 
40 297 
60 410 
80 576 
100 1024 
 
Of importance to the field of HCE are the solid phase transitions that occur near 
room temperature and their aqueous solubility properties. The transition that occurs 
at 32°C is of great importance as an approximate 3.84% change in volume occurs 
with this transition. The crystal structure transforms from an ordered phase IV 
orthorhombic structure to a disordered phase III orthorhombic structure. It has been 
shown that the IV ↔ III transition is possibly affected by the level of moisture 
present, the manner of crystallisation, thermal history of the sample, the amount of 
transformations that have previously occurred, heating mode, particle size and 
experimental procedure.26 This transition was reported to occur anywhere between 
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32 and 55°C. A highly debateable mechanism that has been proposed is that the IV 
↔ III transition occurs by means of a dissolution or solvent interceded mechanism.26 
 
In order to make the HCE, roughly 1850 g of AN is added to 450 ml water at 20ºC. 
This gives about 410 g AN per 100 ml.  The water is then heated to 80ºC while 
stirring occasionally as the increased temperature will increase the solubility of the 
AN. Small amounts of stabiliser salts, such as sodium acetate, are also added to the 
heated solution. These salts can increase the supersaturation effect of the AN by 
preventing nucleation from occurring by reducing the ability of interparticle contact 
occurring with other AN particles thereby reducing the possibility of crystallisation.  
 
Upon cooling, the solution of AN should crystallise out as the solubility decreases. 
However, due to the nature of the AN molecules, which are slow at finding their 
proper crystallisation position, the solution can become super-cooled forming a 
supersaturated solution.28  
 
 The various phases of AN are clearly distinguishable from each other by PXRD and 
from the amorphous emulsion phase.   
 
1.10 DIFFERENTIAL SCANNING CALORIMETRY  AND THERMAL 
GRAVIMETRIC ANALYSIS 
 
Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) 
form part of a group of techniques known as thermal analysis. These techniques 
alter the sample’s chemical or physical properties by means of heating or cooling 
and these properties are monitored against temperature or time. Heating and 
cooling usually occurs at a fixed rate or by keeping a constant temperature for 
certain period of time. DSC and TGA techniques are extensively used in the study of 
the chemical and physical processes relating to thermal effects of materials. Its 
application can be summarised in Figure 1.12. 
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Figure 1.12 The characterisation of solids 
 
Some of the material properties that can be determined by DSC techniques are the 
establishing of melting, crystallisation and glass transition temperatures, transition 
enthalpies, phase transformations, degree of crystallinity, decomposition effects, 
reaction kinetics, purity establishments and specific heat.29 
 
DSC works on the principle that when a sample undergoes a physical 
transformation with temperature, heat is either required or given off depending on 
whether the reaction is endothermic or exothermic. By measuring the heat flow 
difference between the reference and the sample, the amount of heat absorbed or 
released by the sample can be determined. 
 
More subtle phase changes can be observed by the DSC and the heating or cooling 
curve that results from DSC experimentation can allow for the enthalpies to be 
calculated by using the following equation: 
 
∆H = KA                (1.23) 
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where ∆H is the enthalpy of transition, K is the calorimetric constant and A is the 
area beneath the curve corresponding to a given transition. In order to obtain K, a 
well known categorised sample with identified enthalpies of transition must be 
analysed as K varies between instruments. 
 
Crystallisation events, such as solid phase transitions, fusion and glass transition 
temperatures, are able to be observed using DSC. Oxidation in addition to other 
chemical reactions can also be studied. When the temperature of an amorphous 
solid is raised, conversions such as the glass transition may be observed and are 
typically used in the study of polymers.30  
 
Complimentary and supplementary information to the DSC is provided by TGA. The 
rate of change of sample mass as a function of time or temperature is measured by 
the TGA. These are then used to determine the thermal and oxidative stability of the 
material being examined. TGA is able to analyze material that either undergoes a 
loss of mass or a gaining of mass due to decomposition, loss of volatiles or 
oxidation.30  
 
AN has seven phases. The more relevant phases in this study are those close to 
room temperature. These include the phases IV, III and II. As the solid material 
undergoes a solid/solid phase change upon heating, a corresponding endothermic 
transition would occur that can be determined accurately by DSC. These transitions 
would also be able to be observed by means of TGA. Mass loss due to the loss of 
moisture from the sample as well as decomposition into volatile gases will also be 
observed via TGA at the relevant temperatures. 
 
1.11 OBJECTIVES 
 
This study considered the crystallisation properties, over time, of HCE of AN, which 
were prepared by using two different stabilisers and emulsion droplets. The 
samples’ crystallisation rates and properties were analysed using PXRD, DSC and 
Thermal Gravimetric Analysis (TGA).  
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Previous studies showed that the crystallisation process that occurs at room 
temperature can occur via the high temperature phase II before going over to the 
stable room temp phase IV.7  The study aimed at investigating possible influences of 
the emulsion preparation on this property and to observe if it is a consistent property 
irrespective of the types of additives and the crystallisation kinetics.  
 
Little or no work had been published that described a quantifiable method to 
determine the degree of crystallinity of AN emulsions effectively. The use of Nuclear 
Magnetic Resonance (NMR) spectroscopy was described by Villamagna and 
Whitehead40 in order to determine the degree of crystallisation by considering the 
NMR spectra of 14N. However, due to the addition of standard material to the 
sample, the method proved to be problematic and the technique would not give an 
indication on the accurate quantification of the amorphous content of an emulsion.  
 
The emulsions considered in this study ranged in their respective particle size (10, 
12 and 14 µm) and in the hydrocarbon phase (Pibsa-Imide and Pibsa-Urea/Sorbitan 
Monooleate (SMO) at 10:1, 5:1 and 2:1 respectively). Each aqueous solution of AN 
was buffered using thiourea, sodium acetate and glacial acetic acid. These ranges 
of samples would be expected to crystallize over various time periods from a few 
weeks to almost 12 months. Additionally, two samples were prepared in duplicate in 
order to study the effect of possible statistical variances and the repeatability in 
analysis. The study looked at developing a method with which to quantify the AN 
crystalline content in the amorphous emulsion by using the PXRD.  
The objectives of this study were to give an indication of possible variations in the 
rheological properties of the different prepared samples and relate them to the 
kinetic crystallisation process. Suitable kinetic models of the Avrami and Tobin type 
were applied to the crystallisation kinetics to possibly give some insight into the 
mechanism of crystallisation. Further, selected samples were subjected to variation 
in temperature and their observed temperature transitions during the crystallisation 
process were monitored with time.  
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CHAPTER TWO 
EXPERIMENTAL 
 
The following chapter is divided into three sections. The first section is a tabulation 
of all the reagents and compounds used as well as their chemical formula and 
supplier. The second section briefly discusses all the instruments used while the 
third and final section discusses the experimental procedures that were employed 
during this study. 
 
2.1 MATERIALS 
 
Table 2.1 Summary of reagents and compounds used for study 
Reagent Chemical Formula Supplier 
Ammonium 
nitrate 
NH4NO3 Aldrich  
Water H2O N/A 
Thiourea NH2CSNH2 Aldrich 
Glacial  
acetic acid 
CH3COOH Aldrich 
Sodium  
Acetate 
CH3COONa Aldrich 
Shellsoll  
D2325 (oil) 
A mixture of paraffins, cycloparrafins  
and aromatics 
Lake International 
Technologies,  
Republic of South 
Africa 
Poly(isobutylenee)
succinic anhydride
(Pibsa) Imide 
 
Lake International 
Technologies,  
Republic of South 
Africa 
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 Pibsa-Urea 
 
 
 
Lake International 
Technologies,  
Republic of South 
Africa 
Mosspar-H (oil) Isoparafginics: 80 – 90 % 
N-paraffinics: 1 – 10 % 
Cycloparaffinics: 10 – 15 % 
Lake International 
Technologies,  
Republic of South 
Africa 
Urea NH2CONH2 Aldrich 
Sorbitan  
Monooleate 
(SMO) 
 
Lake International 
Technologies,  
Republic of South 
Africa 
 
2.2 APPARATUS 
 
Balances 
All masses were weighed using a Mettler Toledo analytical balance. 
 
pH meter 
The pH of the heated aqueous AN solution was checked and was adjusted to 3.5 ± 
0.1 using thiourea if required before it was added to the hydrocarbon phase.  
 
Mixer 
The AN emulsions were prepared using a Hobart mixer. This was done by firstly 
adding the aqueous AN solution while slowly mixing and then increasing the speed 
of the mixer once all the aqueous solution had been added to ensure complete 
mixing. After this, the emulsion was mixed for predetermined time intervals and 
samples were taken in order to obtain a droplet size distribution curve. New AN 
emulsions were made and mixed using the same mixer and mixing speeds for 
predetermined time intervals which were obtained using the curve obtained with the 
initial emulsion to get the desired droplet size distribution. 
  40
Rheometer 
Rheological properties of the emulsions were measured using a Physica MCR 301 
Rheometer manufactured by Paar Physica (now Anton Paar). The shear forces 
were determined and can be defined as the amount of force needed in order to get 
an emulsion to move or flow. A flow curve was determined for each sample by 
measuring the resulting stress applied as the shear force was increased. All studies 
were done at room temperature. 
 
Tensiometer 
Surface tension properties were measured using a Kruss K100 Tensiometer. The 
Wilhelmy plate method was used for these measurements.  
 
Malvern particle size analyser 
All the droplet size distributions were obtained using a Malvern Mastersizer 2000 
laser diffraction. The software used was Mastersizer-S v2.18. The method was 
initially used to obtain a profile change of the AN emulsion droplet size distribution 
when samples were taken at different mixing times. Once the desired droplet size 
was obtained for a certain mixing time, the instrument was used again to confirm 
that the right droplet size distribution had been obtained on a new batch of AN 
emulsion. The samples were dispersed in water and sample was added until a 
satisfactory obscuration was obtained. The samples were analysed for their D [3,2] 
particle size distribution, which is the mean surface area diameter (μm) of the 
emulsion sphere.49  
 
X-ray diffractometer 
PXRD was performed using a Bruker D8 with a Copper X-ray tube. The Goniometer 
has a primary and secondary radius of 250 mm. The equatorial convolutions 
consisted of a point detector with the receiving slit width and FDS angle set to 0.2 
mm and 0.5º respectively. The axial convolutions used a source length, sample 
length and RS length of 12, 15 and 12 mm respectively. Both the primary and 
secondary soller were set to 2.3º. Quantification was done using Rietveld refinement 
by means of Topas® V3.1.25 These parameters were later used as fixed in the 
Rietveld refinement using fundamental parameter approach in Topas® V4.1. 25 
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The scan range was from 10º to 60º 2θ. The XRD was also used to examine phase 
transitions of the partially crystallised emulsions with change in temperature. This 
was done by using a modified heating controller with the same parameters as for the 
sample analysis.  
 
Heating controller 
Crystallised samples were heated to 40, 50 and 60ºC respectively using a j-type 
thermocouple connected to a modified heating controller attached to a stationary 
aluminium sample holder. Selected samples were periodically analysed for their 
phase composition with change in temperature. A sample was placed in the sample 
holder which had the heating element attached to it. The sample was covered with a 
7.5 µm thick Kapton film to reduce the effect of moisture loss during analysis.The 
heating controller was programmed to keep the temperature of the sample constant 
while being X-rayed using the same parameters as discussed previously. Analysis 
scans would typically last 45 minutes before the controller would heat the sample to 
the next temperature. 
 
Differential Scanning Calorimeter 
DSC measures the change in heat flow caused by a sample when it is heated, 
cooled or kept at a constant temperature by comparing it to a reference kept under 
identical conditions. These changes in the physical properties of the sample, which 
relate to either melting, freezing or solid phase changes, or crystallisation, are then 
measured. The analysis was done on a Shimadzu 60 DSC in order to determine if 
any solid phase transitions occurred in the partially crystallised samples. A sample 
of the AN emulsion of between 5 and 10 mg was weighed into an aluminium DSC 
pan and sealed with a lid in order to prevent water loss during analysis. The initial 
temperature was set to 25ºC and held for two minutes. After this, it was increased at 
0.5ºC min-1 to 60ºC. The sample was kept at 60ºC for two minutes before being 
decreased by 0.5ºC.min-1 to 25ºC. This was done in regular intervals for selected 
samples that ranged between two to three days, depending on the samples degree 
of crystallisation. 
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Thermal Gravimetric Analysis 
TGA analysis of the fully crystallised samples was done on a TA Q600. Fully 
crystallised samples of the emulsion, as well as pure crystalline AN, were analysed. 
This was done in order to determine the amount of moisture present in the samples. 
About 9 to 12 mg of sample was placed in an alumina cup and allowed to equilibrate 
at 22ºC for two minutes. The samples were then heated at 5ºC min-1 to 140ºC and in 
some cases to 180ºC. The simultaneous DSC heat loss and differential mass loss 
with temperature was recorded with change in sample mass over the temperature 
range.  
 
2.3 PREPARATION OF AMMONIUM NITRATE EMULSIONS 
 
Preparation of Hydrocarbon Phase 
The hydrocarbon solutions were prepared using Shellsoll. They contained either 
Pibsa-Urea:SMO or 8% of the Pibsa-Imide surfactant in solution. A 40% solution of 
Pibsa-Imide was obtained from the suppliers and this was diluted five times in the oil 
phases in order to obtain the required concentration. The Pibsa-Urea:SMO 2:1, 5:1 
and 10:1 preparations were manufactured by percentage weight in order to produce 
the required ratios.  
 
Preparation of Ammonium nitrate emulsions 
The AN emulsions were prepared by accurately weighing 1844 g of ammonium 
nitrate into a beaker and then adding 461 g of water. This was heated on a hot plate 
to 80ºC, with occasional stirring to ensure complete dissolving of the AN. An aliquot 
of the AN solution was placed in a conical flask and allowed to cool until 
crystallisation occurred to determine the fudge point of the solution. If the fudge 
point was approximately 60ºC ± 3ºC, buffers would be added. If the fudge point was 
outside the desired temperature range, the emulsion would have to be prepared 
again. Buffers such as sodium acetate (1 g), glacial acetic acid (1.75 g) and thiourea 
(2.25 g) were used in various proportions. The pH of the solution was adjusted to 
3.5. The AN solution was then reheated to 80ºC, after which it was slowly added to 
the mixer which contained 190 g of the hydrocarbon oil.  The solution was vigorously 
stirred for various predetermined amounts of time in order to obtain a range of 
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emulsion droplet sizes that were determined by the Mastersizer as discussed 
previously. This resulted in a solution that consisted of approximately 76% solid AN 
content with the rest being made up of water, buffers, surfactants and hydrocarbon 
oils. In this study, the hydrocarbon phase was kept constant while the surfactants 
were varied by either using Imide or different combinations of Urea and SMO.  For 
this study, all other components as well as their respective volumes were kept 
constant. Their sample names, hydrocarbon phases used, mixing time and surface 
mean droplet sizes are summarised in Table 2.2. 
 
Table 2.2 Summary of prepared emulsions 
Sample Name Surfactant Mixing Time  
(min) 
Droplet Size 
(µm) 
AN1 Pibsa-Imide 8 10 
AN2 Pibsa-Imide 14 10 
AN3 Pibsa-Imide 1 12 
AN4 Pibsa-Imide 1.5 14 
AN5 Pibsa-Imide 1 14 
AN6 Pibsa-Imide 0.5 16 
AN7 Pibsa-Urea:SMO 2:1 0.5 12 
AN8 Pibsa-Urea:SMO 2:1 1 10 
AN9 Pibsa-Urea:SMO 5:1 0.5 14 
AN10 Pibsa-Urea:SMO 5:1 1 12 
AN11 Pibsa-Urea:SMO 5:1 2.25 10 
AN12 Pibsa-Urea:SMO 10:1 4.5 10 
AN13 Pibsa-Urea:SMO 10:1 2 12 
AN14 Pibsa-Urea:SMO 10:1 0.8 14 
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Analysis of Samples 
Rheological analysis on the sample was done after the bulk sample was allowed to 
cool to room temperature. An aliquot was then taken from the bulk sample and 
analysed as described under the Rheometer and Tensiometer sections above. A 
second aliquot of each bulk sample was taken and placed into separate sealable 
containers and allowed to equilibrate at room temperature. Samples were kept at 
room temperature (plus minus 25ºC) where at regular intervals (3-5 days) samples 
were taken for PXRD analysis. The sample was carefully removed using a glass 
slide and placed onto a polycarbonate sample holder, ensuring that the surface of 
the sample was level with the holder. Care was taken to prevent preferred 
orientation of the crystallites of partial or fully crystallised samples. This analysis was 
repeated until the sample was deemed to be fully crystallised. 
 
Samples that showed some crystallisation were then also studied by variable 
temperature using the heating controller. This was performed at the start of the 
study, after a few months and then when the samples were mostly crystalline.  
 
At regular time intervals (3-5 days), samples were analysed by DSC for their phase 
transition upon heating and cooling until it had been determined that they had 
reached full crystallisation.  
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CHAPTER THREE 
RESULTS AND DISCUSSION 
 
The findings in this chapter are subdivided into the study of the rheological 
properties and analysis of the HCE of AN, and the use of PXRD to determine the 
crystallisation and kinetic behaviour of HCE of AN.  
 
The study considered the influence on the crystallisation rate of the mixing time and, 
indirectly, the resulting emulsion droplet size of two sets of HCE of AN, while 
keeping all other parameters such as hydrocarbon phase, the buffers added and the 
sample preparation the same. For the second set of emulsions, the influence that 
the type of surfactant as well as the ratio of Pibsa-Urea:SMO with various mixing 
times  was considered. All of the surfactants used have been shown to be good 
stabilisers.  
 
The materials investigated can be divided into the following groups: 
(i) materials stabilised by the same type of surfactant but different droplet size 
(ii) materials with the same droplet size but different surfactants types used to 
stabilise the emulsions. 
 
The respective sample number, sample description and formulation are summarised 
in Table 3.1. 
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Table 3.1 A summary of the AN emulsions created using different droplet sizes  
Sample Name Surfactant Droplet Size (µm) 
AN1 8% Pibsa-Imide in Shellsoll 10 
AN3 8% Pibsa-Imide in Shellsoll 12 
AN4 8% Pibsa-Imide in Shellsoll 14 
   
AN7 Pibsa-Urea:SMO 2:1 (m/m) 12 
AN8 Pibsa-Urea:SMO 2:1(m/m) 10 
   
AN9 Pibsa-Urea:SMO 5:1(m/m) 14 
AN10 Pibsa-Urea:SMO 5:1(m/m) 12 
AN11 Pibsa-Urea:SMO 5:1(m/m) 10 
   
AN12 Pibsa-Urea:SMO 10:1(m/m) 10 
AN13 Pibsa-Urea:SMO 10:1(m/m) 12 
AN14 Pibsa-Urea:SMO 10:1(m/m) 14 
 
 
Table 3.2 A summary of the AN emulsions created using different surfactants to 
stabilise the emulsions but having similar droplet sizes  
Sample Name Droplet Size (µm) Surfactant 
AN1 10 8% Pibsa-Imide in Shellsoll 
AN8 10 Pibsa-Urea:SMO 2:1(m/m) 
AN11 10 Pibsa-Urea:SMO 5:1(m/m) 
AN12 10 Pibsa-Urea:SMO 10:1(m/m) 
   
AN3 12 8% Pibsa-Imide in Shellsoll 
AN7 12 Pibsa-Urea:SMO 2:1 (m/m) 
AN10 12 Pibsa-Urea:SMO 5:1(m/m) 
AN13 12 Pibsa-Urea:SMO 10:1(m/m) 
   
AN4 14 8% Pibsa-Imide in Shellsoll 
AN9 14 Pibsa-Urea:SMO 5:1(m/m) 
AN14 14 Pibsa-Urea:SMO 10:1(m/m) 
 
 
3.1 DETERMINATION OF DROPLET SIZE 
 
The droplet size distribution of each emulsion sample was determined by using the 
Malvern Particle Size Analyser where the emulsion sample was dispersed in the 
same hydrocarbon oil that was used to prepare the emulsion. The results of the 
droplet size distributions with time were subsequently used to determine the amount 
of time needed to mix a significantly larger batch of the same type of emulsion to a 
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predetermined droplet size. As an example, the droplet size distribution graphs with 
mixing times are shown for 8% Pibsa-Imide, and Pibsa-Urea:SMO (10:1), (5:1) and 
(2:1) in Figures 3.1 to 3.4 respectively.  
 
 
Figure 3.1 The profile of droplet size variation with time for 8% Pibsa-Imide in 
Shelsoll 
 
 
Figure 3.2 The profile of droplet size variation with time for Pibsa-Urea:SMO 10:1 
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Figure 3.3 The profile of droplet size variation with time for Pibsa-Urea:SMO 5:1 
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Figure 3.4 The profile of droplet size variation with time for Pibsa-Urea:SMO 2:1 
 
Each of the required batches was then prepared and the droplet size was confirmed 
using the Malvern Particle Size Analyser. The final droplet size distribution for the 
different batches of samples prepared, their mixing times and preparation date are 
shown in Figures 3.5 to 3.8 respectively. 
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 Particle Size Distribution  
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Figure 3.5 Droplet size distributions for 8% Imide in Shellsoll emulsions  
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Figure 3.6 Droplet size distributions for Urea:SMO 10:1 emulsion  
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 Particle Size Distribution  
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Figure 3.7 Droplet size distributions for Urea:SMO 5:1 emulsion 
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Figure 3.8 Droplet size distributions for Urea:SMO 2:1 emulsion 
 
A summary of each batch of AN emulsion prepared, the surfactant used, the water 
phase fudge point obtained as well as their D [3,2] droplet size distribution are 
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shown in Table 3.2.  The results showed that there was not a significant variation in 
the water phase fudge point. This indicates that there is not much variation in the AN 
solutions when they were added to the oil phase. 
 
Table 3.3 A summary of the AN emulsion preparations 
Sample Name Surfactant Fudge Point (ºC) D[3,2] 
(μm) 
AN1 8% Pibsa-Imide  58.4 9.736 
AN2 8% Pibsa-Imide  58.6 10.092 
AN3 8% Pibsa-Imide  58.1 12.238 
AN4 8% Pibsa-Imide  58.0 13.950 
AN5 8% Pibsa-Imide  59.6 13.693 
AN6 8% Pibsa-Imide  57.9 15.893 
AN7 Pibsa-Urea/ SMO 2:1 57.7 12.646 
AN8 Pibsa-Urea/ SMO 2:1 58.7 10.336 
AN9 Pibsa-Urea/ SMO 5:1 58.1 13.833 
AN10 Pibsa-Urea/ SMO 5:1 58.5 12.606 
AN11 Pibsa-Urea/ SMO 5:1 58.5 10.369 
AN12 Pibsa-Urea/ SMO 10:1 58.3 9.873 
AN13 Pibsa-Urea/ SMO 10:1 57.6 12.211 
AN14 Pibsa-Urea/ SMO 10:1 58.3 13.915 
 
3.2 RHEOLOGY OF HIGHLY CONCENTRATED AN EMULSIONS 
  
The rheological properties of the freshly prepared emulsions were determined. The 
analysis resulted in the generation of an amplitude sweep as well as a flow curve for 
each of the AN emulsions. The results obtained are divided into two subsections – a 
comparison of the rheological properties obtained with respect to the droplet size of 
the AN emulsion and the comparison of the rheological properties obtained with 
respect to the different surfactants used for each of the AN emulsions. 
 
3.2.1 A comparison between the rheological properties obtained with respect 
to the droplet size of the AN emulsions 
 
In this section the different droplet sizes of the AN emulsion that were prepared 
using the same surfactant type are compared. The results obtained are shown in 
Figures 3.9 to 3.16. Results of viscoelastic properties determination by measuring 
the storage and loss moduli as function of strain amplitude as a function of droplet 
size are presented in Figure 3.9 to 3.12. 
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Figure 3.9 Strain amplitude dependence of storage and loss modulus as a function 
of droplet size (emulsion stabilised by 8% Pibsa-Imide in oil phase) 
 
 
 
Figure 3.10 Strain amplitude dependence of storage and loss modulus as a function 
of droplet size (emulsion stabilised by Pibsa-Urea:SMO 2:1 in oil phase) 
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Figure 3.11 Strain amplitude dependence of storage and loss modulus as a function 
of droplet size (emulsion stabilised by Pibsa-Urea:SMO 5:1 in oil phase) 
 
 
Figure 3.12 Strain amplitude dependence of storage and loss modulus as a function 
of droplet size (emulsion stabilised by Pibsa-Urea:SMO 10:1 in oil phase) 
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As can be seen from the figures above, the role of the droplet size is clearly 
observed. The smallest droplet size yields the largest storage modulus as well as 
the largest loss modulus over all strain amplitudes within the experimental window. 
This indicates that the decrease in droplet size leads to an increase of elastic 
behaviour. 
   
The flow behaviour of AN emulsions with different droplet sizes are shown in 
Figures 3.13 to 3.16.  
 
 
Figure 3.13 Effect of droplet size on flow behaviour (8% of Pibsa-Imide in oil phase) 
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Figure 3.14 Effect of droplet size on flow behaviour (Pibsa-Urea:SMO 2:1 in oil 
phase) 
 
 
 
Figure 3.15 Effect of droplet size on flow behaviour (Pibsa-Urea:SMO 5:1 in oil 
phase) 
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Figure 3.16 Effect of droplet size on flow behaviour (Pibsa-Urea:SMO 10:1 in oil 
phase) 
 
It is clearly observed that the character of flow behaviour is not affected by the 
droplet size, but, with the decrease in droplet size of emulsion, the flow curves shift 
to higher shear stresses over all ranges of shear rates. The observed results of 
shear stress increase could be due to the decrease of mean distance between 
droplets with decreasing droplet size, leading to an increase in droplet-droplet 
interaction.  
 
3.2.2 A comparison between the rheological properties obtained with respect 
to the type of surfactant used to stabilise the AN emulsions 
  
In this section, the results of the study of the viscoelastic as well as flow properties 
of AN emulsions stabilised by different surfactants are discussed. For each set of 
samples, the droplet size of emulsion was kept the same. 
 
The amplitude sweeps for emulsions stabilised by different surfactants are shown in 
Figures 3.17 to 3.19. 
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Figure 3.17 Strain amplitude dependence of storage and loss moduli as a function 
of surfactant type (10 µm droplet size)  
 
 
 
Figure 3.18 Strain amplitude dependence of storage and loss moduli as a function 
of surfactant type (12 µm droplet size) 
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Figure 3.19 Strain amplitude dependence of storage and loss moduli as a function 
of surfactant type (14 µm droplet size) 
 
Similar trends were observed for strain amplitude dependence of storage and loss 
moduli as a function of surfactant type across all the droplet sizes. The Pibsa-Imide 
produces the highest storage modulus over entire strain amplitudes region followed 
by the Pibsa-Urea:SMO 10:1, 5:1 and 2:1 respectively. This indicates that the Pibsa-
Imide emulsions have the highest elasticity. Increased content of SMO in the Pibsa-
Urea:SMO system decreases the elasticity. 
 
The shear stress versus shear rate dependence was studied as a function of 
surfactant type keeping droplet size of AN emulsion the same. The results are 
presented in Figures 3.20 to 3.22 below. 
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Figure 3.20 Effect of surfactant type on flow behaviour (10 µm droplet size) 
 
 
 
Figure 3.21 Effect of surfactant type on flow behaviour (12 µm droplet size) 
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Figure 3.22 Effect of surfactant type on flow behaviour (14 µm droplet size) 
 
As can be seen from the above figures, the Pibsa-Imide stabilised emulsions show 
the highest shear stresses values over the entire shear rate region. Also, the 
addition of Pibsa-Urea surfactant to the Pibsa-Urea:SMO system resulted in the shift 
of flow curves to higher shear stresses over the region of all shear rates used within 
the experimental window. 
 
From the results, it can be concluded that the rheological properties of the 
emulsions are dependent on both the droplet size and the type of surfactant used. 
The decrease of emulsion droplet size yields the increase of elastic character that 
can be explained by a more compact network organisation of droplets. When the 
surfactants were examined, it was seen that the Pibsa-Imide stabilised emulsion 
produced the highest storage modulus over the entire strain amplitudes region as 
well as the highest shear stresses values over the entire shear rate region. The 
addition of Pibsa-Urea surfactant to the Pibsa-Urea:SMO system resulted in the 
increase of emulsion elasticity. A summary of the rheological results are shown in 
table 3.4. A comparison between the rheological results and the kinetics obtained for 
each emulsion is discussed further on in the chapter and shown in table 3.16. 
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Table 3.4 A summary of the rheological results obtained for each of the emulsions. 
Sample Name Surfactant Type Droplet Size 
(µm) 
Rheology results 
(Pa)* 
AN1 Pibsa-Imide 10  G’: 645 
G”: 20.9 
SS: 50.4 
AN2 Pibsa-Imide 10  G’: 626 
G”: 21.8 
SS: 50.4 
AN3 Pibsa-Imide 12  G’: 456 
G”: 17.7 
SS: 40.6 
AN4 Pibsa-Imide 14  G’: 269 
G”: 16.1 
SS: 24.7 
AN5 Pibsa-Imide 14  G’: 272 
G”: 16.1 
SS: 23.9 
AN7 Pibsa-Urea:SMO 2:1 12  G’: 239 
G”: 13.3 
SS: 20.0 
AN8 Pibsa-Urea:SMO 2:1 10  G’: 312 
G”: 20.6 
SS: 30.9 
AN9 Pibsa-Urea:SMO 5:1 14  G’: 171 
G”: 19.7 
SS: 13.3 
AN10 Pibsa-Urea:SMO 5:1 12  G’: 307 
G”: 16.8 
SS: 25.5 
AN11 Pibsa-Urea:SMO 5:1 10  G’: 450 
G”: 21.4 
SS: 40.0 
AN12 Pibsa-Urea:SMO 10:1 10  G’: 587 
G”: 24.5 
SS: 47.1 
AN13 Pibsa-Urea:SMO 10:1 12  G’: 412 
G”: 20.0 
SS: 31.8 
AN14 Pibsa-Urea:SMO 10:1 14  G’: 226 
G”: 18.0 
SS: 16.7 
*G’ and G” taken from the plateau at measurement 10 (0.95 % strain) while the 
shear stress (SS) was taken at a shear rate of 0.33.  
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3.3 POWDER X-RAY DIFFRACTION 
 
3.3.1 PONKCS 
 
All of the HCE of AN were analysed at regular time intervals by PXRD. In order for 
the PONKCS method to be suitably applied to the accurate quantification of the 
amorphous content of the emulsions as they aged, a suitable standard would either 
have to be prepared or added as an internal standard. Since this would not be 
possible where the crystallisation properties of the emulsion would be influenced by 
the addition of an additive, another approach was taken to develop a suitable, stable 
calibration set of standards that would allow for quantification. In a sense, a pseudo 
set of inert and stable standards consisting of various known concentrations of an 
amorphous material and pure AN were prepared. These would then serve to obtain 
the necessary diffraction patterns needed to obtain the right parameters for the ZMV 
within the Topas® refinements programme for the particular material. Once the right 
refinement parameters were obtained and optimised, the calculated ZMV value can 
then be transformed onto the amorphous HCE of AN by keeping the unit cell volume 
of the pseudo unit the same and allowing the unit cell parameters to refine in order 
to fit the amorphous diffraction halo shape of the HCE of AN. This process is 
explained in more detail later in the chapter.      
 
The suitable amorphous material chosen was silica where known amounts of silica 
and pure analytical grade AN were accurately weighed and then milled together 
using an analytical mill in order to obtain a completely homogenous mixture. The 
samples’ masses and percentage composition of the silica-AN mixtures are shown 
in Table 3.5. 
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Table 3.5 A summary of the silica and AN mixture prepared in order to obtain 
suitable ZMV parameters for a calibration curve 
Sample description  Mass AN (g) Mass Silica (g) %  AN 
0 0.0 4303.9 0.00 
5 202.4 3800.8 5.06 
20 812.4 3183.4 20.33 
35 1424.9 2630.2 35.14 
50 1985.1 1987.1 49.97 
65 2637.6 1424.3 64.94 
85 3402.5 611.8 84.76 
95 3817.6 215.7 94.65 
100 4016.7 0.0 100.00 
 
The diffraction pattern of an entirely amorphous sample halo is shown in Figure 3.23 
while the halo for the mixture of 50% AN with silica is shown in Figure 3.24 with the 
typical sharp diffraction peaks of the AN phase IV and III. The diffraction pattern of 
pure AN phase IV is shown in Figure 3.25 with little or no other solid phases being 
evident.   
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Figure 3.23 A XRD halo of the pure amorphous silica  
 
  64
2Th Degrees
6058565452504846444240383634323028262422201816141210
C
ou
nt
s
600
550
500
450
400
350
300
250
200
150
100
50
 
Figure 3.24 A XRD diffraction pattern of the 50% standard of AN 
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Figure 3.25 A XRD scan of the 100 percent standard of AN 
 
The results showed that when silica and AN were mixed to form a homogenous 
mixture, a mixed phase III and phase IV of AN was observed. Even though care was 
taken to ensure that the sample did not warm up during mixing, the phase III still 
appeared, and remained relatively stable over the analysis time at room 
temperature. From this, it appears that the silica contributes to some type of 
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inducing and then stabilising properties to the phase III structure of AN. The cause 
for this phenomenon was not investigated further, but could relate to the instability of 
the phase III that has been known to vary in its transition temperature from phase IV 
over a wide range of relatively low temperatures depending on the humidity.41 The 
fine amorphous silica powder then acts as a stabilising agent between the crystallite 
particles of the phase III material. 
 
A typical set of samples of PXRD scans over the range from the 100% amorphous 
silica to the 95% AN are shown in Figure 3.26, indicating the change in the halo over 
the scan range of 15 to 50 2θ, with the increase in the crystalline diffraction peaks of 
the crystalline AN, showing the change in the phase III composition as the silica 
content decreased. The analysis was done from 10 to 60 2θ. 
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Figure 3.26 An overlay of typical XRD scans over the range from the 100% 
amorphous silica until the 95% AN showing a halo over the scan range of 15 to 50 
2θ 
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The procedure of obtaining the correct refined ZMV value was performed using the 
correct solid phase crystal structure profiles of phases II, III and IV of AN with the 
amorphous halo of pure silica (Fig 3.27). Within the Topas® software, which refines 
a diffraction pattern based on the Fundamental Parameters approach25, all 
instrument and experimental settings were assigned and fixed except for a limited 
polynomial that was allowed to correct for the background at low angles 2θ. An hkl 
file was allocated as the contribution for the amorphous content, and a random 
crystallographic space group was assigned with random a, b and c values for the 
unit cell.  All the AN phases were deselected, and the scan was allowed to refine the 
crystallite size and cell parameters to fit the amorphous halo. In order to prevent 
erroneous mathematical refinement of the cell parameters, the aim was to get a cell 
volume of between 100 and 300. 
 
 
Figure 3.27 A screen shot of the refinement process for the amorphous standards 
using Topas® 
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Once the software had refined and suitable values were obtained for the 
hypothetical cell volume, the unit cell parameters of a, b and c, hkl indices and a 
crystal size parameter, the refined values were then fixed. Notably, due to the broad 
diffraction halo, the unit cell crystal size parameter was very small. Subsequently, 
the hkl planes for the pseudo phase structure were then fixed and maintained the 
same for all analysis done.  
 
The scan file of the 100% silica was then replaced with a scan file of a known 
standard of AN (Fig 3.28). In order to prevent any erroneous refinement processes, 
the crystal sizes of the various AN phases were limited to remain between 20 and 
200. The programme was allowed to refine with the new scan file of known amounts 
of amorphous material. Since all crystallographic information of the phase IV and III 
of AN is known, the software would subsequently be able to quantify their relative 
amounts.     
 
Figure 3.28 A screen shot of the Topas® refinement process for a sample 
containing 0% amorphous silica 
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The results showed that no AN phase II was present in the samples and the phase 
would subsequently be excluded from these refinement procedures. The results also 
showed that the amorphous content would indicate 0%. This is because the 
software requires atomic position parameters within the crystal unit cell to determine 
the quantitative amount of a phase. Hence, the ZMV value would be assigned as 
zero in the input file. According to the article published by Hill and Howard44, the 
input file assigned as INP can be edited by calculating the ZMV value using the 
following equation: 
 
SAN
ANANS
S SW
ZMVSWZMV )(              (3.1) 
where S is silica (amorphous), AN is ammonium nitrate phase IV, W is weight fraction 
of prepared standard, S the scale factor determined by Topas® refinement and 
ZMVAN values obtained from the unit cell parameters of the phase AN phase IV.   
 
Once the correct ZMVS was determined and edited into the INP file for Topas®, the 
correct quantifiable value was then determined as a percentage amorphous content 
(Fig 3.29).  
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Figure 3.29 A screen shot of the refinement process for the standards using 
Topas® 
  
Subsequently, the scan data file was replaced by other standards prepared, and the 
quantifiable amounts of the AN crystalline phases and the amorphous content were 
determined. It was noted that if a slightly different ZMVS value was calculated based 
on a different starting standard (Table 3.6), the calculated amounts would then vary 
when the subsequent scan data for the various standards was used. The results 
were calculated for each of the standards using the different ZMVs values as shown 
in Tables 3.7 to 3.9. 
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Table 3.6 A summary of the ZMVs value obtained for each of the AN-silica standards 
prepared 
% AN standard ZMVs value obtained 
35 0.1111 
50 0.0883 
65 0.0993 
 
Table 3.7 The results obtained for the standards using the ZMVs value of 0.1111 
obtained for the 35% standard 
Standard Weighed Percentages Amorphous Phase III Phase IV Total Crystalline
0% 0.00 99.96 0.00 0.04 0.04 
5% 5.06 96.02 1.56 2.42 3.98 
20% 20.33 84.85 5.65 9.51 15.15 
35% 35.14 64.32 25.94 9.74 35.68 
50% 49.97 50.63 39.61 9.77 49.37 
65% 64.94 34.97 52.27 12.77 65.03 
85% 84.76 16.10 49.22 34.69 83.90 
95% 94.65 5.47 7.70 86.83 94.53 
100% 100.00 3.13 4.21 92.66 96.87 
 
Table 3.8 The results obtained for the standards using the ZMVs value of 0.0883 
obtained for the 50% standard 
Standard Weighed Percentages Amorphous Phase III Phase IV Total Crystalline
0% 0.00 99.96 0.03 0.01 0.04 
5% 5.06 99.73 0.27 0.00 0.27 
20% 20.33 90.04 5.58 4.38 9.96 
35% 35.14 64.96 27.06 7.98 35.04 
50% 49.97 50.10 40.45 9.45 49.90 
65% 64.94 35.09 53.87 11.04 64.91 
85% 84.76 15.89 49.43 34.69 84.12 
95% 94.65 5.38 7.70 86.92 94.62 
100% 100.00 3.34 4.11 92.56 96.67 
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Table 3.9 The results obtained for the standards using the ZMVs value of 0.0993 
obtained for the 65% standard 
Standard Weighed Percentages Amorphous Phase III Phase IV Total Crystalline
0% 0.00 98.47 1.49 0.05 1.54 
5% 5.06 95.88 3.4 0.72 4.12 
20% 20.33 81.89 11.38 6.73 18.11 
35% 35.14 64.06 27.25 8.69 35.94 
50% 49.97 50.14 40.59 9.27 49.86 
65% 64.94 35.21 53.87 10.91 64.78 
85% 84.76 15.84 31.16 53.00 84.16 
95% 94.65 5.33 7.65 87.03 94.68 
100% 100.00 3.17 3.78 93.05 96.83 
 
The results show that, when there was a relatively low concentration of AN present 
in the sample, a larger difference in the actual amount of AN weighed and AN 
calculated was detected. The errors of using the three ZMVs values can be seen 
graphically when plotting the bias (difference between weighed and calculated 
percentage silica) versus the actual weighted percentage silica (Fig 3.30).  
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Figure 3.30 A plot of the bias for the range of standard samples using the ZMVs 
values that were determined from the 35, 50 and 65% standards  
 
The variation in the bias between the various samples and ZMVs value used can 
also be represented by considering the sum of the bias versus the different ZMVs 
values as shown in Figure 3.31. The results show that there is a possible optimal 
lower bias point across all the samples analysed for a particular ZMVs value.   
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Figure 3.31 A plot of the sum of the bias versus the ZMVs values obtained for the 
35, 50 and 65% standards. 
 
If other ZMVs values are used in addition to those described in Table 3.5, a 
polynomial function can be calculated that shows that a certain ZMVs value that 
would give the lowest bias for these set of standard samples analysed (Fig 3.32).  
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Figure 3.32 A plot of the sum of the bias against ZMVs values used 
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Based upon these results, an optimal ZMVs value of 0.0993 was determined and 
used in all subsequent analysis. Once the ZMVs constant had been calculated for 
the set of standards prepared with amorphous silica, the difference in the 
amorphous halo to the AN emulsion was then considered (Fig 3.33). Notably, the 
shape and intensity of the diffraction halo of the two amorphous materials are 
different. In order to transform the pseudo structure that was fitted to the amorphous 
silica to fit the amorphous halo of the AN emulsion (Fig 3.34), the cell volume in the 
refinement step was fixed and kept constant while allowing the unit cell parameters 
and hkl values to refine.  
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Figure 3.33 Amorphous halos of both the silica and AN emulsion 
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Figure 3.34 A screen shot of the refinement process for the standards using 
Topas® showing a fixed cell volume while the unit cell parameters and hkls were 
allowed to refine  
 
Once the new cell parameters and hkl were established, they were then fixed and 
used for all subsequent analysis. The same ZMVs value was then used in the INP 
file, since it was based on the calculation of the unit cell volume and respective 
scale factors (Fig 3.35).  
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Figure 3.35 A typical AN sample quantification using Topas® – three phases are 
detected; however, phase IV and II are the dominant phases  
 
Figures 3.36 and 3.37 show typical transitions of the AN emulsions from entirely 
amorphous samples to the stage where total crystallinity has been reached. In both 
figures, at about 195 days, there were some inconstant strong peaks which seemed 
to be present in some samples, but disappear in subsequent scans. This peak was 
due to preferred orientation of crystallites that occurred due to sample preparation. 
The subsequent analysis of a partially crystallised emulsion resulted in a relatively 
accurate value for the amorphous content. Notably, in these samples, the AN phase 
did not contain a mixture of phase IV and III at different silica concentrations, but 
rather a mixture of phase IV and II, where phase II changed to phase IV once the 
sample was fully crystallised  (Table 3.10).  
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Figure 3.36 Typical XRD scans of AN 2 as it ages and transitions from entirely 
amorphous to total crystallinity 
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Figure 3.37 Typical XRD scans of AN 11 as it ages and transitions from entirely 
amorphous to total crystallinity 
 
The results of both Figures 3.36 and 3.37 show a similar trend. As the sample ages, 
a transition occurs from an amorphous halo to a strong AN phase IV halo. These 
results are confirmed by Topas®. A strong peak is present at 195 and 196 days 
respectively, but this then disappears at the next time point. This peak was due to 
preferred orientation that may have occurred during the sample preparation. 
 
 
 
 
 
 
 
 
 
  79
 
Table 3.10 A typical set of results for the quantification of an AN emulsion sample 
using Topas® with the ZMVs value of 0.0993 (sample number AN 2 from Table 2.2) 
Time after manufacture (days Amorphous Phase Phase II Phase IV Total Crystallinity
0 98.94 1.06 0.00 1.06 
7 96.83 0.98 2.19 3.17 
11 98.98 0.01 1.01 1.02 
18 93.85 0.01 6.14 6.15 
21 94.84 5.16 0.00 5.16 
28 96.84 1.75 1.40 3.15 
32 86.88 11.07 2.05 13.12 
37 100.00 0.00 0.00 0.00 
42 84.87 10.27 4.86 15.13 
46 89.54 4.07 6.38 10.45 
50 87.66 9.10 3.24 12.34 
66 82.76 4.64 12.60 17.24 
71 74.70 5.08 20.21 25.29 
78 61.61 14.49 23.90 38.39 
88 37.74 22.14 40.11 62.25 
98 29.12 21.20 49.69 70.89 
126 12.22 15.53 72.25 87.78 
133 16.97 10.38 72.64 83.02 
144 17.73 10.86 72.37 81.17 
147 18.83 8.80 72.37 81.17 
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Figure 3.38 A plot of the percentage composition of AN 2 as crystallisation occurs 
 
The results showed that there was an increase in phase II and phase IV as the 
emulsion started to crystalise. This occured until about 50% total crystallinity was 
reached after which the  phase II content started to decrease and the material 
contained predominately phase IV. The  reasons for this phenomena are not clear 
and were discussed by Ferg and Masalova7 as being caused by the sample 
preparation. Once the aqueous AN solution that had been heated to 80ºC was 
allowed to cool to ambient temperature, the solid phase of the AN present was the 
high temperature phase II as this occurs when AN is at about 50ºC. This transition 
did not occur as the solution was super-cooled. Once the emulsion started to 
crystallise, a memory effect occured and the crystallisation process proceeded by 
means of crystalising to a phase II and this was then converted to the room 
temperature phase IV.  
 
The analysis of the change in crystallinity with time by using the PONKCS method 
for all the 14 different emulsions studied are summarised in Table 3.11 and Figures 
3.39 to 3.42.    
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Table 3.11: A summary of the crystallinity of the AN emulsions over time for a few 
selected data points that were common to all samples 
Sample % Crystallinity 
Time (Days) 0 10 25 50 75 100 125 150 
AN 1 0.54 5.24 10.29 23.51 55.56 79.29 78.57 79.98 
AN 2 1.06 1.02 3.15 12.34 38.39 71.66 78.99 81.17 
AN 3 2.24 5.94 22.44 35.88 82.51 85.66 83.03 79.76 
AN 4 3.26 10.54 81.49 82.40 83.52 79.58 82.39 79.20 
AN 5 4.21 4.62 3.10 28.28 79.55 77.63 86.20 79.99 
AN 7 1.62 0.35 70.69 85.85 85.88 NA NA NA 
AN 8 1.44 4.78 72.42 80.07 79.55 NA NA NA 
AN 9 2.11 0.95 6.28 14.95 78.99 NA NA NA 
AN 10 1.74 6.44 4.92 17.20 67.39 NA NA NA 
AN 11 1.40 1.99 5.72 7.67 3.45 11.76 63.97 85.29 
AN 12 0.96 7.27 6.13 13.79 13.21 8.24 20.79 15.89 
AN 13 1.08 1.33 13.83 0.99 3.58 2.42 10.45 37.42 
AN 14 3.01 3.23 1.29 7.13 15.11 20.06 79.34 80.66 
 
AN 6 did not form an emulsion and as such there are no results to report for it. 
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Figure 3.39 The change in crystallinity with time for the AN emulsions made with 
Imide surfactant for different emulsion droplet sizes 
  
The results showed that the emulsion AN 4, with the comparatively large emulsion 
droplet size of 14 µm, tended to reach a fully crystallised state at about 50 days, 
which was sooner than the other emulsions made with the same Imide surfactant. 
The results showed that on average all samples achieved about 80% crystallinity. 
The first emulsion to reach this point was the AN 4 which had a 14 µm droplet size. 
This was followed by AN 5 and AN 3 at about 80 days. The last two emulsions to 
reach full crystallinity were AN 1 and AN 2 at about 100 days. These two emulsions 
had the smallest droplet size. 
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Figure 3.40 The change in crystallinity with time for the AN emulsions made with 
2Urea:1SMO surfactant for different emulsion droplet sizes 
 
The results showed that the two emulsions achieved a similar degree of crystallinity. 
The emulsion with the slightly smaller droplet size seemed to indicate a much faster 
crystallisation rate in terms of having fully crystallised over a very short period of 
time. The kinetics of the emulsion systems are discussed in more detail later in the 
chapter. AN 8 reached full crystallinity at about 13 days followed by AN 7 which took 
about 25 days to fully crystallise. 
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Figure 3.41 The change in crystallinity with time for the AN emulsions made with 
5Urea:1SMO surfactant for different emulsion droplet sizes  
 
The results showed that the emulsion with the smaller droplet size had a 
significantly longer crystallisation time than the emulsions with the comparatively 
larger droplet sizes. From Figure 3.41, it can be seen that AN 11 takes more time 
(about 140 days) to reach full crystallinity than AN 9 and AN 10 which are roughly 
equivalent (about 80 days). AN 11 has a smaller droplet size so this result does 
correspond to the expected result. Unfortunately, AN 9 and AN 10 were not 
analysed to completion and, in fact, the recorded data ends at 80 days for AN 9 and 
81 days for AN 10. In order to obtain adequate kinetics curves and for 
completeness’ sake, values at roughly 80% crystallinity (as confirmed by TGA) were 
inserted from day 80 onwards for AN 9 and AN 10.  
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Figure 3.42: The change in crystallinity with time for the AN emulsions made with 
10Urea:1SMO surfactant for different emulsion droplet sizes  
  
It can be seen from Figure 3.42 that AN 12 takes the most time to reach full 
crystallinity while AN 14 takes the least amount of time. This corresponds to the 
particle size of the emulsions as AN 12 has the smallest particle size while AN 14 
has the largest particle size. 
 
The results showed that in most cases the emulsions with the smaller particle size 
took the most time to reach full crystallinity. Furthermore, it can be seen that the 
Pibsa-Imide surfactant stabilises the emulsion the most followed by the 
10Urea:1SMO, 5Urea:1SMO and the 2Urea:1SMO respectively. From this, it can be 
concluded that the more Pibsa-Urea that is present in the emulsion, the more stable 
the emulsion becomes. 
 
3.3.2 TGA 
 
In order to determine the true solid content of the fully crystallised AN emulsion, 
which can be  compared to the degree of crystallinity as determined by PXRD and 
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quantified by the PONKCS method, the TGA analysis of the emulsions was done 
and the mass loss of the emulsions determined up to 140ºC. The TGA of pure AN 
up to 180ºC and the simultaneous DSC heat loss curve and derivative mass loss 
with temperature are shown in Figure 3.43.  
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Figure 3.43 A TGA scan of pure AN 
 
The results show the typical solid-solid phase changes that occur at 54.8, 88.7 and 
129.6ºC respectively. These solid-solid transitions correspond to the phase changes 
from IV to II to I (Table 1.2).27 In terms of the associated mass loss in this region, 
small amounts were observed close to 50ºC and above 120ºC. These could relate to 
small amounts of moisture in the sample. Above 140º, a notably larger mass loss 
was observed, which could relate to the decomposition of the material. Above the 
melting point of 168.2ºC, a significant decomposition of the material was observed 
which is usually associated with the formation of N2O2 and water or NH3 and 
HNO3.12 
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All subsequent TGA analysis of mass loss of the AN emulsion were only determined 
up to 140ºC. As an example, the TGA graphs of AN 12 and AN 2 are shown in 
Figures 3.44 and 3.45 respectively, and the results are summarised in Table 3.12.  
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Figure 3.44 A TGA scan of AN 12 
 
The simultaneous DSC with TGA scan of AN 12 showed four distinct phase 
transitions whereas the pure AN scan showed only three. The extra transition that 
occurred could be due to the transition occurring between the phase IV and phase 
III structures. The phase IV to III transition occurred roughly at 40ºC. The broader 
heat loss peak at 65ºC could also be associated with the “fudge point” of the 
crystallised emulsion, where the solid crystalline material partially dissolved into the 
remaining aqueous phase. The loss of the aqueous phase could then be seen at the 
higher temperatures of close to 90ºC, where significant loss in mass was observed. 
Similar to the pure AN sample, the transition to phase I and then the melting of the 
AN occurred at 129ºC and 168ºC respectively with a further loss in mass occurring 
at temperatures above 160ºC. This mass loss would be due to the decomposition of 
the AN.   
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Figure 3.45 A TGA scan of AN 2 
 
The simultaneous DSC with TGA scan of AN 2 also showed four phase transitions 
from phase IV to phase III occurring at similar temperatures in this sample, showing 
that most of the mass loss in the sample up to 140ºC can be associated with the 
water, hydrocarbons and other additives that are in the emulsion sample. These 
results are also in agreement with the formulation that was used in order to prepare 
the emulsions, where the solid content that was added would be approximately 80% 
by mass.  
 
In the TGA of the other AN emulsions, samples were heated to 140ºC and were 
done in triplicate. The mean of the three results and their standard deviations are 
shown in Table 3.12. All samples showed that the moisture content confirmed the 
solid content of the AN emulsions once the samples were fully crystallised as 
determined by PXRD. A summary of the comparison between the results obtained 
using PXRD and the average results obtained by TGA are shown in Table 3.13. 
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Table 3.12 A summary of the TGA results obtained for each of the AN samples 
Sample Name % mass loss 
 Replicate 1 Replicate 2 Replicate 3 Mean Standard deviation
AN1 18.19 17.95 19.69 18.61 0.94 
AN2 18.93 18.52 19.12 18.86 0.31 
AN3 16.76 18.59 17.16 17.50 0.96 
AN4 18.54 17.95 19.05 18.51 0.55 
AN5 19.84 18.95 20.25 19.68 0.66 
AN7 21.01 21.41 20.63 21.02 0.39 
AN8 22.55 22.14 20.22 21.64 1.24 
AN9 21.31 22.41 21.69 21.80 0.56 
AN10 22.35 22.37 22.19 22.30 0.10 
AN11 22.83 21.54 20.91 21.76 0.98 
AN12 20.87 18.69 19.33 19.63 1.12 
AN13 21.20 19.55 20.87 20.54 0.87 
AN14 21.50 22.34 22.36 22.07 0.49 
 
Table 3.13 A correlation between the percentage mass loss determined by the TGA 
and the percentage crystallinity obtained by means of the XRD 
Sample Name TGA % Mass 
of solid content
XRD maximum  
crystallinity obtained
Difference % Error relative to  
the TGA results  
AN1 81.39 77.44 -3.95 5.1 
AN2 81.14 73.98 -7.16 9.7 
AN3 82.50 79.76 -2.74 3.4 
AN4 81.49 79.20 -2.29 2.9 
AN5 80.32 79.99 -0.33 0.4 
AN7 78.98 80.20 1.22 1.5 
AN8 78.36 79.55 1.19 1.5 
AN9 78.20 78.99 0.79 1.0 
AN10 77.70 67.39 -10.31 15.3 
AN11 78.24 85.29 7.05 8.3 
AN12 80.37 85.10 4.73 5.6 
AN13 79.46 80.48 1.02 1.3 
AN14 77.93 81.96 4.03 4.9 
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The results of the fully crystallised samples that were analysed by PXRD with the 
PONKCS method of analysis showed a good agreement in the degree of crystallinity 
with total solid mass content as determined by TGA. The large differences of certain 
samples (such as sample AN 10) could be ascribed to the incomplete data collection 
of the sample, which therefore might in fact not have fully crystallised. Furthermore, 
as the two points taken do not shown conclusively that full crystallisation had been 
reached, it can be concluded that the final result obtained for AN 10 is erroneous. In 
order to be able to still use this sample, it was assumed that further crystallisation 
had taken place and that the final percentage crystallisation was reported by means 
of the TGA. The results also showed that there was, on average, a standard 
deviation of 1% mass loss of the results done in triplicate. This was in part due to 
the small sample amount used in TGA analysis and the presence of other solid 
substances in the sample matrix which would contribute to the total solid mass of 
the sample. These include the small amounts of urea added to some samples. 
These are not taken into consideration in PXRD analysis and the determination of 
the degree of crystallinity of the AN.   
 
3.3.3 Changes in AN emulsion by heating 
 
Samples of selected emulsions were analysed periodically during their crystallisation 
process at different temperatures using the XRD combined with a modified heating 
controller. The scans were taken at 30, 40, 50 and 60ºC respectively. Scans were 
repeated over the course of the samples’ crystallisation and the changes in the 
solid/solid phase transitions were studied.  As an example, the scans of AN 1, done 
at two different times, are shown in Figures 3.46 and 3.47. 
 
  91
1AN temp Dec 04-12-09 [001]
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Figure 3.46 A comparison of AN 1 scanned at different temperatures after 54 days 
of manufacture 
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Figure 3.47 A comparison of AN 1 scanned at different temperatures after 179 days 
of manufacture  
 
The results showed that some crystallisation had occurred by 54 days. The 
crystalline material was mostly phase IV, but there was a little of phase III and phase 
II present. As the sample was heated, the phase III crystallites disappeared as a 
phase transition occurred. 
 
At 179 days (Fig 3.47), the sample had reached full crystallinity. The sample 
consisted mostly of phase IV with a little of phase II present. Phase III was not 
present in the sample at all. 
 
3.3.4 DSC 
 
DSC thermograms of the AN emulsion samples were also done at different time 
intervals during their crystallisation process. Solid-solid phase transitions were 
expected at about 32ºC for the phase IV AN while phase III AN produces a peak 
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indicating a phase transition between 32º and 84ºC if it is present. DSC 
thermograms are shown in Figures 3.48 to 3.50 and the DSC peaks obtained during 
the sample crystallisation are shown in Table 3.14. 
 
Table 3.14 A summary of the temperatures at which the phase III and IV peaks 
were obtained for each AN sample 
Sample Average Peak temperature phase IV Average Peak temperature phase III 
AN1 36.7 50.8 
AN2 36.1 Not Detected 
AN3 36.1 Not Detected 
AN4 37.6 50.7 
AN5 37.2 50.8 
AN7 38.2 Not Detected 
AN8 38.3 Not Detected 
AN9 36.7 Not Detected 
AN10 38.0 Not Detected 
AN11 36.1 Not Detected 
AN12 36.2 Not Detected 
AN13 36.6 Not Detected 
AN14 37.1 50.3 
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Figure 3.48 A DSC thermogram of AN 1 taken 188 days after the emulsion was 
prepared 
 
Figure 3.49 A DSC thermogram of AN 5 taken 58 days after the emulsion was 
prepared 
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Figure 3.50 A DSC thermogram of AN 14 taken 83 days after the emulsion was 
prepared 
 
The results showed that the phase transitions that occurred were phase IV to II as 
well as phase IV to III to II. As mentioned in Chapter 1, the temperature at which a 
phase change occurs is dependent on a number of factors, such as the moisture of 
the sample, sample history as well as the amount of impurities that may be present 
in the sample. Figures 3.48 and 3.49 show transition peaks at similar temperatures, 
but Figure 3.50 shows an extra transition during the heating, but no transitions 
during the cooling. Other DSC scans showed similar results. The differences in the 
DSC scans can be attributed to non-repeatable methodology. This is due to the 
sample size (typically between 2 and 5 mg of sample) as well as the sample 
selection.   
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3.4 KINETICS 
 
A kinetic model of each AN emulsion was determined using the results obtained 
from the determination of the change in crystallisation of the emulsion with time. The 
change in crystallisation was fitted using both the Avrami and the Tobin equations 
discussed previously (Chapter 1 and equations 1.14 to 1.17). The degree of 
crystallisation was normalised by taking the fraction of crystalline material at a 
particular time relative to the highest percentage crystallinity for the particular 
sample where no change in the degree of crystallinity was noted over a certain 
period of time. This was then expressed as a percentage of crystallisation, assuming 
that the material had fully crystallised, and the results were plotted against time. As 
an example, the results for emulsion sample number AN 1 are shown with the 
experimental data, and both the Avrami and Tobin model calculated results with 
their respective equations (Fig 3.52 and Fig 3.53). The R2 shown in these graphs is 
a measure of how well the data fits a straight line. The closer the R2 value is to 1 the 
better the data fits the equation for the straight line. The experimental data and 
calculated results for the other emulsion samples are shown in Appendix A. In order 
to determine the respective Avrami and Tobin time constants (θ) and exponents (n), 
the linearised form of the equations (equation 1.15) were plotted (Figures 3.52 and 
3.53). From this linearisation, it can be seen that the Avrami exponent is now 
equivalent to the slope of the equation while the y-intercept is equivalent to the rate 
constant. It is important to note that theta is the time constant which is different from 
the rate constant in that the rate constant quantifies the speed of the reaction while 
the time constant quantifies the time required for the reaction to take place. If the 
rate constant is denoted as k, then the time constant will be denoted as 1/k. 48  
 
In some samples, an induction period was observed. This induction period can be 
defined as the time taken before a sample showed any form of crystallisation and 
remained a stable emulsion over a certain period of time, and is similar to the 
induction properties observed in polymer processes.50 In this time period, the first 
signs of temporary nucleation and then fixed state nucleation would occur. After 
nucleation had taken place, a catalytic process would occur spontaneously that 
resulted in further crystallisation of neighbouring droplets. This process can be 
typically seen in the sigmoidal shape of the crystallisation isotherm. The process can 
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be seen as to have ended once only a small increase in crystallinity is observed 
over a long period of time.50  
 
Some of the AN emulsion samples required longer periods of induction time, 
dependant on the type of surfactant that was used to stabilise them rather than the 
emulsion droplet size. The surfactant stabilised the interfacial region of the droplets 
thereby reducing the contact the droplets have with each other, allowing for the 
nucleation to continue. However, this inter-droplet region would eventually break 
down, allowing for the crystallisation across droplets to occur.  
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Figure 3.51 A typical kinetics curve obtained from one of the AN emulsions (AN 1). 
The top equation is the Avrami equation while the one below is the Tobin equation. 
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Figure 3.52 Linearised time and crystalline fraction for the Avrami equation  
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Figure 3.53 Linearised time and crystalline fraction for the Tobin equation 
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The coefficient of determination (R2) for the experimental and Avrami and Tobin 
model can be considered as a value which indicates the variation obtained for a 
particular sample group, explained by the fitted calculated curve. In order to 
determine the best estimates for the equations, the R2 was calculated by means of 
the sum of squared errors (SSE) which is the unexplained variation as well as the 
regression sum of squares (SSR) which is the explained variation.51 The difference 
between the actual degree of crystallinity obtained by means of PONKCS and the 
degree of crystallinity calculated using the Avrami equation was determined by 
calculating the SSE and SSR to obtain the sum of squares total (SST) using 
equations 3.2, 3.3 and 3.4 respectively. 
 
SSE =  ∑[Y-Ŷ)]2                          (3.2) 
SSR = ∑[Ŷ – ]2                (3.3) 
SST = SSE + SSR                (3.4) 
 
where Y is the actual data obtained, Ŷ is the estimated Y values obtained from the 
model and  is the mean of the obtained Y values. 
 
To obtain the R2 value, equation 3.5 was used. 
 
R2 = SSR / SST                           (3.5) 
 
The R2 value was determined for all the samples shown in Appendix A, and the 
calculated graphs were plotted and compared to the experimental data. The results 
of the two techniques of determining the time constant and exponent are 
summarised in Table 3.15. 
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Table 3.15 The results obtained for the Avrami and Tobin equations used to 
determine the time constant and exponent 
Sample Avrami Tobin 
 Theta (days) n R2 Theta (days) n R2 
AN 1 65 2.12 0.97 43 2.98 0.92 
AN 2 88 3.38 0.98 73 4.99 0.96 
AN 3 57 1.89 0.85 39 2.78 0.78 
AN 4 32 1.51 0.89 21 2.67 0.92 
AN 5  77 2.55 0.94 57 3.57 0.97 
AN 7 27 3.65 0.80 20 6.01 0.96 
AN 8 24 3.04 0.77 16 4.20 0.86 
AN 9 74 3.36 0.85 58 5.41 0.95 
AN 10 85 4.26 0.88 59 5.43 0.81 
AN 11 121 3.82 0.93 101 7.22 0.96 
AN 12 263 4.38 0.73 207 7.24 0.89 
AN 13 189 4.50 0.43 140 6.16 0.92 
AN 14 147 4.18 0.94 114 6.95 0.96 
 
The results showed that there were significant differences in the exponent 
calculated for the different samples. A slight trend was observed in that the samples 
with the larger time constant would generally also show a slightly higher exponent n-
value, although this was not true for all the AN emulsion samples examined. This 
comparison can be seen in samples from AN 11 to AN 14 (shown in Table 3.15) for 
both equations. The exponents obtained from both the Tobin and Avrami equations 
were plotted again the time constants obtained for each set of results (Fig 3.54). The 
correlation was relatively poor (0.305 and 0.405) for both equations, but a general 
trend could be observed.  This implies that the crystallisation model based on the 
Avrami exponent used to describe the crystallisation process does not necessarily 
apply to all the data of AN emulsion samples that have significantly different 
crystallisation times. This could be due to some samples undergoing crystallisation 
quite quickly while other samples would first have a longer induction period before 
crystallisation occurred. 
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The samples without the induction period had an n-value of close to 2 which implied 
that they tended towards a 2D-type growth model with a combination of thermal and 
athermal nucleation.32 As the crystallisation time increased, the possible mechanism 
of the crystallisation process changed to n = 3, which indicates a more sporadic 
crystallisation with a planar geometry while, when n was closer to 4, a 3D-type 
geometry of crystallisation could be expected.7 An n-value of 4 was found for the 
samples that had a long crystallisation time. The Tobin equation yielded higher 
exponent values than the Avrami equation, but there was no significant assigning of 
a crystallisation model to these values according to the literature references used. 
According to the literature, the difference between the Tobin and Avrami exponent 
should be roughly 0.8 for the polymer type materials that were studied.32 However, 
in this study for HCE of AN samples, the differences between the two exponents 
were significantly larger and can be seen graphically in Figure 3.56. Notably, there 
was a consistent difference in the time constants (θ) calculated by the Avrami and 
Tobin equations (Fig 3.55). 
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Figure 3.54 A summary plot of the exponents and time constants obtained for both 
the Avrami and Tobin equations 
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Figure 3.55 A comparison of the time constants obtained between the Avrami (x-
axis) and Tobin (y-axis) equations 
 
The results show that the models gave similar results for the same sets of data and 
the results imply the modelling of a similar process with a known degree of 
difference. It had been reported that the Avrami equation would accurately only 
model processes in their early stages of crystallisation.32 The differences between 
the exponents obtained by the two equations may be due to this. The Avrami 
relationship was used because there is published data on the meaning of the 
exponent that relates to the type of crystallisation, which is not found with the Tobin 
exponent. However one could infer that the Tobin exponent within correlating ranges 
of the Avrami exponent would be an indication of similar types of crystallisation.  
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Figure 3.56 A comparison of the exponents obtained between the Avrami (x-axis) 
and Tobin (y-axis) equations 
 
The study showed that there was a relationship between the kinetic behaviour of the 
crystallisation of the HCE of AN with a type of best suited model that could fit the 
data, as well as that a comparison could be made between the types of surfactants, 
their droplet sizes and  the kinetic parameters (Table 3.16). The results from the 
Avrami equation parameters are shown only.  
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Table 3.16 A summary of the rheology results of fresh AN emulsion and 
crystallisation time constants using the Avrami relationship  
Sample Name Surfactant Type Droplet Size
(µm) 
Rheology  
Results (Pa)* 
 Avrami equation 
n Time constant
 θ (days)   
AN1 Pibsa-Imide 10  G’: 645 
G”: 20.9 
SS: 50.4 
2.12 65 
AN2 Pibsa-Imide 10  G’: 626 
G”: 21.8 
SS: 50.4 
3.38 88 
AN3 Pibsa-Imide 12  G’: 456 
G”: 17.7 
SS: 40.6 
1.89 57 
AN4 Pibsa-Imide 14  G’: 269 
G”: 16.1 
SS: 24.7 
1.51 32 
AN5 Pibsa-Imide 14  G’: 272 
G”: 16.1 
SS: 23.9
2.55 77 
AN7 Pibsa-Urea:SMO
2:1 
12  G’: 239 
G”: 13.3 
SS: 20.0 
3.65 27 
AN8 Pibsa-Urea:SMO
2:1 
10  G’: 312 
G”: 20.6 
SS: 30.9 
3.04 24 
AN9 Pibsa-Urea:SMO
5:1 
14  G’: 171 
G”: 19.7 
SS: 13.3 
3.36 74 
AN10 Pibsa-Urea:SMO
5:1 
12  G’: 307 
G”: 16.8 
SS: 25.5 
4.26 85 
AN11 Pibsa-Urea:SMO
5:1 
10  G’: 450 
G”: 21.4 
SS: 40.0 
3.82 121 
AN12 Pibsa-Urea:SMO
10:1 
10  G’: 587 
G”: 24.5 
SS: 47.1 
4.38 263 
AN13 Pibsa-Urea:SMO
10:1 
12  G’: 412 
G”: 20.0 
SS: 31.8 
4.50 189 
AN14 Pibsa-Urea:SMO
10:1 
14  G’: 226 
G”: 18.0 
SS: 16.7 
4.18 147 
*G’ and G” taken from the plateau at measurement 10 (0.95 % strain) while the 
shear stress (SS) was taken at a shear rate of 0.33.  
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The total crystallinity that each sample reached was roughly 80%. The percentage 
crystallinity was confirmed by both TGA and PXRD using the PONKCS method 
(Section 3.3.1 and 3.3.2). Since all samples reached approximately the same 
percentage crystallinity, it can be concluded that both surfactant type and droplet 
size do not influence the percentage crystallinity that was reached by the emulsions 
over time, but rather influence how long the emulsion takes to become fully 
crystallised. It was possible to plot the rheological properties of the fresh emulsions 
and the Avrami crystallisation parameters observed for the different Pibsa-Imide 
samples with change in droplet sizes (Fig 3.57 and 3.58). 
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Figure 3.57 A plot of G’, G” and the SS against droplet size for Pibsa-Imide 
 
The results showed that, for the samples made with Pibsa-Imide, as the droplet size 
of the emulsions increased the rheological properties (G’, G” and SS) decreased. 
This implies that as G’ and G” decrease, with an increase in droplet size, the elastic 
behaviour of the emulsions decreases. An increase in droplet size also leads to a 
shift of the shear stress to a lower state as was shown by the decrease in the flow 
curve. The 10 µm droplet size emulsions (AN 1 and AN 2) as well as the 14 µm 
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droplet size emulsions (AN 4 and AN 5) were prepared in duplicate. Similar 
rheological results were obtained for the duplicated emulsions for all rheological 
properties examimed. 
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Figure 3.58 A plot of Avrami n and theta against droplet size for Pibsa-Imide 
 
By comparison, the results showed that as the droplet size increased, both the 
Avrami n and the time constant (θ) values decreased. The duplicate preparations of 
the 10 µm and 14 µm yielded different results. Upon closer investigation, it was 
discovered that AN 1 and AN 2 (10 µm) had very similar droplet sizes (9.7 µm and 
10.1 µm), but had vastly different mixing times (8 minutes and 14 minutes 
respectively). Similarly  the 14 µm emulsions (AN 4 and AN 5) had similar droplet 
sizes (14.0 and 13.7 µm respectively), but different mixing times (1.5 minutes and 
1.0 minutes respectively). This infers that times for crystallisation are not only 
dependent on droplet size but could also be influenced by the mixing time as was 
shown for the repeated samples, for example the emulsions with the 14 µm droplet 
size had a mixing time difference of 30 seconds. In fresh emulsions, it would 
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primarily be the droplet size that influenced the rheological properties, whereas the 
mixing times could play a role in the crystallisation times. For the samples made with 
different Pibsa-Urea:SMO ratios and with different droplet sizes, it was possible to 
obtain a 3D surface plot of how these varied for both the rheological properties of 
the fresh emulsion and kinetics of crystallisation properties. (Fig 3.59 to 3.63).  
 
Figure 3.59 A 3D plot of G’ against droplet size and Pibsa-Urea ratio 
 
The results showed that samples with a small droplet size combined with a high 
ratio of Pibsa-Urea:SMO yielded a high G’ value. If either the droplet size was 
increased or the Pibsa-Urea ratio was decreased, a decrease in the G’ value would 
be observed. This indicated that the elastic properties of the emulsion are 
proportional to the ratio of Pibsa-Urea in the sample and inversely proportional to 
the droplet size.  
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 Figure 3.60 A 3D plot of G” against droplet size and Pibsa-Urea ratio 
 
These results were similar in that a sample with a small droplet size combined with a 
high ratio of Pibsa-Urea:SMO yielded a high G” value. This was indicative of the 
elastic property of the emulsions being proportional to the ratio of Pibsa-Urea 
present and inversely proportional to the droplet size of the emulsion. 
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Figure 3.61 A 3D plot of shear stress (SS) results against droplet size and Pibsa-
Urea ratio 
 
These results were similar in that the samples with a small droplet size combined 
with a high ratio of Pibsa-Urea:SMO yielded a higher shear stress value. This again 
implies that either an increase in the droplet size or a decrease in the Pibsa-Urea 
ratio results in a decrease of the shear stress. 
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Figure 3.62 A 3D plot of Avrami n against droplet size and Pibsa-Urea ratio 
 
The results showed that there was some correlation with the Avrami exponent (n), 
but since this parameter seemed to vary significantly (Fig 3.54), a large error in the 
results could be considered in these set of results. Of more significance would be 
the consideration of the Pibsa-Urea ratio and the droplet size with the crystallisation 
time (Fig 3.63).  
 
 
  111
Figure 3.63 A 3D plot of Theta against droplet size and Pibsa-Urea ratio 
 
The results show that a relatively low time of crystallisation (θ-value) would be 
obtained for samples within the droplet size range with a low ratio of the Pibsa-Urea 
ratio. As the Pibsa-Urea ratio increased, an increase in the θ‐value time constant 
was observed with a significant increase for samples with lower droplet sizes. From 
this, it can be deduced that the crystallisation time (days) was significantly 
influenced by the Pibsa-Urea. It can be concluded that the droplet size in these 
samples does affect the θ‐value, but it is not as significant as the ratio of Pibsa-
Urea.  Hence in order to obtain an emulsion with a larger crystallisation time, a 
higher Pibsa-Urea ratio should be used with a relative small droplet size. There were 
also similar correlations observed between the G’ (Fig 3.59) and Sheer stress (Fig 
3.61) of the fresh emulsions to that of the θ‐value time constant observed as the 
emulsion aged. This implies that a sample with a relatively high G’ and Sheer stress 
that resulted from a fresh emulsion with a relatively high Pibsa-Urea ratio and a 
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smaller droplet size would end up being more stable over time showing a longer 
crystallisation time. The influence of the droplet size is relatively small on the 
crystallisation time when compared to the influence of the ratio of Pibsa to Urea. 
Since these set of samples were not done in duplicate it is not clear that samples 
with the same droplet size but different mixing times might give different 
crystalisation times as was observed in figure 3.58. Further work needs to be done 
in order to investigate this. 
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CHAPTER 4 
CONCLUSION 
 
This study showed that the understanding of the principles of the crystallisation 
process of HCE of AN is important. The study was divided into three parts, namely 
the rheological properties of freshly prepared AN emulsions, the monitoring of the 
crystallisation process by PXRD and the modeling of the kinetics of the 
crystallisation process. The initial study of the different droplet sizes as well as the 
types and ratios of surfactants used showed that both of these parameters have a 
significant effect on the stability of the AN emulsions. The crystallisation process 
was successfully studied by using PXRD and the results showed that the slower 
crystallising emulsions crystallise via the AN phase II before crystallising further to 
phase IV. The crystalline content of the final fully crystallised emulsion was 
confirmed by means of TGA. The kinetics of these processes was also determined 
by fitting the data to the Avrami and Tobin equations. 
 
The rheological properties of the fresh emulsions with the same surfactants but 
different droplet sizes showed that the samples with the smallest droplet size yielded 
the largest storage modulus as well as the largest loss modulus over all strain 
amplitudes within the experimental range. This indicates that a decrease in droplet 
size leads to an increase of elastic behavior and would also influence the flow 
behavior of the emulsion. The flow curves would indicate a shift to higher shear 
stresses over the entire range of shear rates. 
 
The rheological properties of freshly prepared AN emulsions with respect to the 
different types of surfactants but with similar droplet sizes showed that the samples 
with the Pibsa-Imide produced the highest storage modulus over the entire strain 
amplitudes region followed by the Pibsa-Urea:SMO 10:1, 5:1 and 2:1 respectively. 
This indicates that the Pibsa-Imide emulsions have the highest elasticity and the 
increased content of SMO in the Pibsa-Urea:SMO system decreased the elasticity 
properties of the sample. It was also shown that the Pibsa-Imide stabilised emulsion 
had the highest shear stress values over the entire shear rate region. Also, the 
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addition of Pibsa-Urea surfactant to the Pibsa-Urea:SMO system resulted in the shift 
of flow curves to higher shear stresses over the region of all shear rates used within 
the experimental window. 
 
The crystallisation process of the thermodynamically unstable HCE was monitored 
by means of PXRD. The accurate quantification of the crystal phase over the 
amorphous content was obtained using the PONKCS method. The PONKCS 
method requires a sample with a known amount of crystalline and amorphous 
content, which was not possible with emulsion-based samples. A set of external 
standards were prepared using amorphous silica and pure AN, where a constant 
ZMV value was obtained and transformed to the amorphous halo of the emulsion. 
The standard mixtures contained both phase III and phase IV of AN, which was 
quantifiable using the Topas® software. From the bias plot versus the weighted 
amounts, it was found that the largest errors occurred in samples that had the lower 
concentrations of AN.  
 
Each of the AN emulsion samples were analysed by PXRD and the process of 
crystallisation quantified using the ZMVs value obtained from the standard samples. 
The PXRD results showed that as the AN started to crystallise, a mixture of phase 
IV and phase II AN was observed to be present in the sample. As the crystallisation 
process continued, the phase II phase would increase to about 50% crystallinity 
after which it then started to decrease as the phase II converted to phase IV. The 
phase IV was the predominant phase present in the mixture. Once the sample had 
fully crystallised, quantitative PXRD showed the solid content to be roughly 80% 
crystalline for all the samples studied. This was in agreement with the 80% amount 
by weight of the AN used in the preparation of the emulsions. This was confirmed by 
TGA analysis of the fully crystallised emulsions.     
 
The change in the crystallisation process of the AN emulsions were modelled using 
the Avrami and Tobin equations. The degree of crystallisation that was obtained 
from PXRD analysis was normalised and used in the linearised forms of the Avrami 
and Tobin equations.  
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The results showed that there was slight correlation between the exponent (n) and 
the time constant for both the Avrami and Tobin relationship over all the samples 
studied. This implied that the crystallisation process differs for samples that have 
short crystallisation times to those that have longer times. The study also showed 
that there was a correlation between the time constants obtained from the Avrami 
and Tobin model over the range of samples studied. The difference in time 
constants obtained from the two different methods was due to the different 
mathematical approaches to describing the typical kinetic S-shaped curves. The 
kinetic study showed that for the samples made with the Pibsa-Imide surfactant with 
different droplet sizes, the time constant (θ) decreased as the droplet sizes 
increased. On the other hand, for the samples where the ratio of Pibsa-Urea:SMO 
was changed with different emulsion droplet sizes, the time constant (θ) showed that 
the higher Pibsa-Urea:SMO ratio with a smaller droplet size gave a higher time 
constant, implying the emulsion would be more stable. These results correlated well 
with the rheological studies of the fresh emulsions in that similar trends were seen 
for the samples that had a higher G’, G’’ and shear stress for the samples that had a 
higher Pibsa-Urea:SMO ratio with smaller droplet sizes.  
 
The study showed that PXRD was an effective quantitative method to study the 
kinetic properties of HCE of AN and that there were good correlations between the 
fresh emulsion’s rheological properties and the time stability of the emulsion.  
 
The study also showed that in order to obtain emulsions with larger crystallisation 
times, a higher Pibsa-Urea ratio in combination with a relative small droplet size 
should be employed. Similar correlations were observed between the G’ (Fig 3.59) 
and Sheer stress (Fig 3.61) of fresh emulsions. This implies that relatively high G’ 
and Sheer stress resulted from a higher Pibsa-Urea ratio causing the emulsion to be 
more stable over time showing a longer crystallisation period. 
 
The results insinuated that a correlation between the exponent and the time 
constant exists (figure 3.54) but was not conclusive. Further work needs to be done 
to investigate this.
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 APPENDIX A 
 
 
The kinetics curves obtained for the AN emulsions once total crystallisation 
had occurred 
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